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A NEW METHOD FOR REALIZING PARALLEL PROCESSING 
MACHINES USING MULTIPLE-VALUED LOGIC
CHAPTER I  
INTRODUCTION
P a r a l l e l  P r o c e s s in g  M achines 
The need  to  im prove th e  sp e ed  o f c o m p u ta tio n , o f te n  m o tiv a te d  
by th e  d e s i r e  to  s o lv e  s p e c i a l  c l a s s e s  o f  p rob lem s, h a s  p ro d u ced  s e v e r a l  
com puter p r o c e s s o rs  t h a t  a r e  c a p a b le  o f  p e rfo rm in g  s e v e r a l  o p e r a t io n s  
s im u l ta n e o u s ly .  The I l l i a c  IV , STAR, CRAY-1, and ASC co m p u te rs  a l l  r e ly  
on some d e g re e  o f  p a r a l l e l i s m  to  a c h ie v e  h ig h  p e rfo rm a n c e . In  g e n e r a l ,  
a  p a r a l l e l  p ro c e s s o r  i s  one t h a t  c o n ta in s  m u lt ip le  a r i t h m e t i c  u n i t s  and 
o p e r a te s  on  m u l t ip le  d a ta  s tre a m s  [ 1 ] .  The m u l t ip le  h a rd w a re  e le m e n ts  
a r e  o f te n  i d e n t i c a l  and m ust e x h ib i t  s e m i-in d e p e n d e n t c o n c u r r e n t  o p e ra ­
t i o n .  O v e r a l l ,  a  p a r a l l e l  p r o c e s s o r  may o r  may n o t be  c a p a b le  o f  
e x e c u t in g  more th a n  one m ach in e  i n s t r u c t i o n  a t  a t im e . I f  n o t ,  th e  
m ach ine i s  r e f e r r e d  to  as  a  s in g l e  i n s t r u c t i o n ,  m u l t ip l e  d a ta  s tre a m  
(SIMD) p r o c e s s o r .  I f  m ore th a n  one m achine i n s t r u c t i o n  can  be e x e cu te d  
c o n c u r r e n t ly ,  th e  m achine i s  a  m u l t ip le  i n s t r u c t i o n ,  m u l t i p l e  d a ta  
s tre a m  (MIMD) p r o c e s s o r .
1
I t  i s  o f te n  d i f f i c u l t  to  c l a s s i f y  p a r a l l e l  m achines b ased  
s t r i c t l y  on c o n c u rre n c y  o f  o p e ra t io n .  F o r exam ple, a form  o f  p a r a l l e l ­
ism  i s  a c h ie v e d  in  some m achines by o v e r la p p in g  o th e rw is e  tim e  s e q u e n t i a l  
o p e r a t io n s  u s in g  a  te c h n iq u e  c a l le d  p i p e l i n i n g .  The m ethod i s  o f te n  
em ployed f o r  m ach ine  o r  m ic r o in s t r u c t io n  f e t c h  o p e r a t io n s  and a llo w s  th e  
o v e r la p  o f  i n s t r u c t i o n  e x e c u tio n  w ith  th e  f e t c h in g  o f  th e  n e x t  i n s t r u c ­
t i o n .  P ip in g  i s  a l s o  a  f e a tu r e  o f  f l o a t i n g  p o in t  a r i t h m e t i c  u n i t s  and 
p ro v id e s  h ig h e r  th ro u g h p u t r a t e s .  P i p e l i n in g ,  how ever, i s  n o t  c o n s id e re d  
h e re  a s  r e p r e s e n t a t i v e  o f  th e  p a r a l l e l  p r o c e s s o r  c o n c e p t s in c e  m u l t ip le  
i d e n t i c a l  o r  h ig h ly  s im i l a r  hardw are e le m e n ts  c a p a b le  o f  a v a r i e t y  o f  
o p e r a t io n s  a r e  n o t n e c e s s a r i l y  in c o r p o r a te d  i n to  a  p ip e l in e d  h ardw are  
d e s ig n .
The m ain o b je c t iv e  in  c o n s t r u c t in g  p a r a l l e l  m achine h a rd w are  i s  
to  c r e a t e  an  a g g re g a te  m achine t h a t  can  p e rfo rm  one o f  s e v e r a l  o p e ra t io n s  
c o n c u r r e n t ly  i n  t im e . S p e c if ic  ty p e s  o f  p ro b lem s t h a t  r e q u i r e  th e  same 
o p e r a t io n s  to  b e  a p p l i e d  to  m u lt ip le  q u a n t i t i e s  o f  d a ta ,  i . e . ,  m a tr ix  o r 
v e c to r  m a n ip u la t io n s ,  a r e  p a r t i c u l a r l y  w e l l  s u i t e d  as  a p p l i c a t i o n s  f o r  
p a r a l l e l  p r o c e s s o r s .  I n  an SIND m achine each  p ro c e s s o r  can e x e c u te  th e  
same i n s t r u c t i o n  on d i f f e r e n t  d a ta  seg m e n ts . Each p ro c e s s o r  g e n e ra te s  
an  i n te r m e d ia t e  r e s u l t  c o n c u r r e n t ly  w ith  th e  o t h e r s .  The o v e r a l l  p ro b ­
lem s o lu t i o n  tim e  i s  t h e r e f o r e  g r e a t ly  re d u c e d . C o n s id e ra b le  e f f o r t  may 
be in v o lv e d  to  c o n v e r t  a problem  in to  a form  s u i t a b l e  f o r  p a r a l l e l  
p r o c e s s in g ,  b u t  t h i s  to p ic  i s  no t c o n s id e re d  h e r e .  S p e c i f i c a l l y ,  we a re  
i n t e r e s t e d  i n  a  new m ethod th a t  p ro v id e s  in h e r e n t  hardw are  c o n c u rre n c y .
A New A pproach
C u r r e n t ly ,  a l l  p a r a l l e l  p r o c e s s o r s  a r e  r e a l i z e d  w ith  b in a ry  
lo g ic  g a te s  and  s to r a g e  d e v ic e s .  The i d e n t i c a l  e le m en ts  o f  a  m achine 
t h a t  o p e r a te  i n  p a r a l l e l  a r e  s im p ly  m u l t ip le  c o p ie s  o f  th e  same b in a r y  
lo g ic  c i r c u i t .  I n te r c o n n e c t io n  o f  th e  p a r a l l e l  e le m en ts  a l s o  r e l i e s  
upon b in a r y  l o g i c  g a te  h a rd w are .
A new m ethod f o r  s im u lta n e o u s  l o g ic  o p e ra t io n  an d , h e n c e , th e  
r e a l i z a t i o n  o f  p a r a l l e l  p r o c e s s o r s  e x i s t s  in  th e  a p p l i c a t i o n  o f s u i t a b l e  
m u l t ip le - v a lu e d  l o g ic  g a te s  and s to r a g e  e le m e n ts . S e le c t io n  o f  a  2™- 
v a lu e d  lo g ic  a llo w s  th e  re p la c e m e n t o f  m b in a r y  m ach ines w ith  one 
m u l t ip le - v a lu e d  m ach in e . In  th e  l a t t e r  m ach ine, th e  l o g i c  v a lu e s  o f th e  
in d iv i d u a l  b in a r y  m ach ines e x i s t  s im u lta n e o u s ly  as  m u l t ip le -v a lu e d  l o g i c  
l e v e l s .  The m u l t ip le - v a lu e d  s to r a g e  e le m en ts  ( m u l t i - s t a b le s )  s im u l­
ta n e o u s ly  s t o r e  th e  in fo rm a tio n  f o r  a l l  th e  m in d iv id u a l  b in a r y  m a c h in e s . 
The s t a t e  o f th e  in d iv id u a l  m ach ines need n o t be th e  sam e, and any one 
m ach ine  can  change  to  a  new s t a t e  in d e p e n d e n tly  o f th e  o th e r  m ach in es .
The te c h n iq u e  i s  a p p l i c a b le  to  th e  e n t i r e  ran g e  o f  t y p i c a l  hardw are  
sy s te m s  o r  su b sy s te m s , t h a t  i s ,  from  a s im p le  c i r c u i t  l i k e  an  adder to  
an e n t i r e  c e n t r a l  p ro c e s s in g  u n i t  (CPU). B oth c o m b in a tio n a l and seq u en ­
t i a l  c i r c u i t s  a r e  n e c e s s a r i ly  in c lu d e d .
The en co d in g  o f  s e v e r a l  b in a r y  lo g ic  s ig n a ls  i n t o  a s in g le  
sy s te m  o f m u l t ip le - v a lu e d  lo g ic  l e v e l s  i s  th e  b a s ic  p re m ise  o f  th e  id e a  
b e in g  p re s e n te d  and r e p r e s e n t s ,  i n  a  f a s h io n ,  th e  m u lt ip le x in g  o f  s e v e ­
r a l  b in a r y  m ach ines w i th in  a s in g l e  m u lt ip le -v a lu e d  m ach in e . The scheme 
i s  somewhat a n a lo g o u s  t o  f re q u e n c y  m u lt ip le x in g  in  a com m unication  
sy s te m , w hereby s e v e r a l  c o n v e r s a t io n s  a r e  s im u lta n e o u s ly  c a r r ie d  o v e r
th e  same w i r e .  The s im u lta n e o u s  s to r a g e  o f s t a t e  in fo r m a t io n  f o r  two o r 
m ore b in a r y  f l i p - f l o p s  by a  s in g l e  m u l t i - s t a b l e  s u g g e s ts  an  a p p r o p r ia t e  
d e s c r i p t o r ,  s t a t e  i n t e g r a t i o n .  In  o th e r  w o rd s, th e  s t a t e s  o f  th e  i n d iv i d ­
u a l  b in a r y  m ac h in es  a r e  i n t e g r a t e d  i n to  a  s in g l e  c o m p o s ite  s t a t e  o f  th e  
m u l t ip l e - v a lu e d  m ach in e . A m u l t ip le - v a lu e d  lo g ic  sy stem  o rg a n iz e d  to  
o p e r a te  a s  two o r  m ore s im u lta n e o u s  lo w e r  r a d ix  m ach in es  w i l l  t h e r e f o r e  
be r e f e r r e d  to  a s  a  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  d i g i t a l  sy s te m .
By s im u lta n e o u s ly  p ro v id in g  th e  lo g ic  f u n c t io n s  o f  s e v e r a l  
m ach ines  w i th in  t h e  c i r c u i t r y  o f  a s i n g l e  m ach ine, th e  s t a t e  i n te g r a t e d  
and m u lt ip le x e d  m ach ine  c o n c e p t i n h e r e n t l y  e x h ib i t s  th e  p a r a l l e l i s m  
p r e v io u s ly  d e s c r ib e d .  As an  a d d i t i o n a l  b e n e f i t  th e  m ethod s i g n i f i c a n t l y  
r e d u c e s  t h e  num ber o f  s ig n a l  p a th s  as  com pared to  th e  m u l t ip l e  i n d iv i d ­
u a l  m a c h in e s . The te c h n iq u e  a l s o  p ro d u c e s  a  t i g h t l y  c o u p le d  s e t  o f  
m ach ines  and p o t e n t i a l l y  re d u c e s  th e  p ro b lem  o f  c o n t r o l  and in fo rm a t io n  
in te r c h a n g e  b e tw een  i n d iv id u a l  m ac h in es .
I t  sh o u ld  be  c l e a r  t h a t  th e  i n d iv i d u a l  m ach ines w i th in  a s t a t e  
i n t e g r a t e d  and m u lt ip le x e d  d i g i t a l  sy s te m  rem ain  c o m p le te ly  autonom ous 
w ith  r e s p e c t  to  t h e  o th e r  m ach ines in  b o th  i n t e r n a l  s t a t e  and t im e .
They a r e ,  how ever, o n ly  " l o g i c a l l y "  s e p a r a te  s in c e  th e y  o p e r a te  w i th in  
th e  same c i r c u i t  e le m e n ts . The l o g i c a l  su b -m ach in es  form  an in h e r e n t ly  
t i g h t l y  c o u p le d  c o m p o s ite  m ach ine  and c a n  be  a r ra n g e d , v i a  h a rd w are  and 
s o f tw a re  t e c h n iq u e s ,  to  c o o p e ra te  much th e  same a s  a p a r a l l e l  o r  m u l t i ­
p l e  p r o c e s s o r  b in a r y  c o n f ig u r a t io n .  By fo c u s in g  on p a r a l l e l  b in a r y  
m a c h in e s , th e  e x i s t i n g  u n iv e r s e  o f know ledge d e a l in g  w ith  b in a r y  sy stem s 
i s  p r e s e r v e d  and i s  e s p e c i a l l y  im p o r ta n t  when v iew in g  th e  work from  a 
s o f tw a re  p e r s p e c t i v e .
Research O bjective
The S ta te  in tegra ted  and m u ltip lexed  d ig i t a l  system proposes 
a g en era lized  u se  fo r  m u ltip le -va lu ed  lo g ic  that has not been p rev io u sly  
in v e s t ig a te d . T his research  w i l l  n e c e s s a r ily  draw upon previous work in  
m u ltip le -v a lu ed  lo g i c ,  but w i l l  d if f e r  in  th a t e a r l ie r  r e su lts  have 
g en era lly  assumed th a t the m u ltip le -v a lu ed  lo g ic  elem ents operate in  
th e ir  r e s p e c t iv e  n a tu ra l rad ix . The work here w i l l  show that the m u lt ip le ­
valued lo g ic  d e v ic e s ,  and c ir c u it s  developed therefrom , can operate  
sim u ltan eou sly  as two or more lower rad ix  d ev ic es  and c ir c u it s .  For 
example, a fo u r-va lu ed  lo g ic  c ir c u it  can perform the same function  as 
two id e n t ic a l  b inary lo g ic  c i r c u i t s .
S ince t h i s  work i s  somewhat new, th ere  are se v e r a l approaches 
for  th e resea rch . F ir s t ,  one might assume— w ith l i t t l e  or no foundation—
that the s t a t e  in teg ra te d  and m u ltip lexed  concept i s  f e a s ib le  and con­
s id er  various new a rch ite c tu res  and organ iza tio n s o f automata that
incorporate th e  e s s e n t ia l  fea tu res  of th e  scheme. C erta in ly , th is  i s
j u s t i f i e d  to some e x te n t , but a con sid erab le  amount o f  work must s t i l l  
be done to  in su re  th a t the hardware i s  r e a l iz a b le ;  o th erw ise , the  
research may degenerate in to  a sh u ff l in g  of "black boxes."  As a second 
approach, th e  work could pursue e le c tr o n ic  c ir c u i t  development for  lo g ic  
d e v ic e s . This i s  n ecessary  s in c e  improvements in  m u ltip le -va lu ed  g a tes  
can lead  to s p e c i f i c  r e a l iz a t io n s ,  however r e s tr ic te d  they might be.
N either o f  th e s e  two extreme approaches w i l l  be used, rather an o v e r a ll  
j u s t i f i c a t io n  o f th e  concept w i l l  be based on some th e o r e t ic a l founda­
tio n s  fo llow ed  by a n a ly s is  o f s ta t e  in teg ra ted  and m ultip lexed  lo g ic  
c ir c u i t s .  The d es ig n  and a n a ly s is  of both com binational and seq u en tia l
l o g i c  c i r c u i t s  w i l l  b e  c o n s id e r e d .  S p e c i f ic  r e a l i z a t i o n s  f o r  lo g ic  
g a te s  a r e  in c lu d e d  in  t h i s  w o rk , b u t  th e  p r im a ry  em phasis i s  on lo g ic  
c i r c u i t  deve lopm en t and b e h a v io r  a n a ly s i s .  W henever n e e d e d , w orst c a se  
o p e ra t in g  c o n d i t io n s  in  th e  m u l t ip le - v a lu e d  l o g i c  a r e  assum ed . I t  i s  
a n t i c ip a t e d  t h a t  th e s e  a s su m p tio n s  w i l l  accommodate one o r  more a c tu a l  
r e a l i z a t i o n s  f o r  th e  l o g i c  g a t e s .
The r e s e a r c h  w i l l  a t t e m p t  to  j u s t i f y  th e  s t a t e  in te g r a te d  and 
m u lt ip le x e d  c o n je c tu r e  by  show ing what e le m e n ts  co m p rise  th e  lo g ic  
c i r c u i t s  a n d , f u r t h e r ,  i n v e s t i g a t e  th e  re s p o n s e  o f m e a n in g fu l and u s e f u l  
c i r c u i t s .  I t  i s  n o t r e a s o n a b le  to  show r e s u l t s  fo r  a l l  p o s s ib le  s t a t e  
in te g r a t e d  and m u lt ip le x e d  m a c h in e s , b u t  s in c e  a  g r e a t  d e a l  more i s  
known a b o u t b in a r y  l o g ic  th a n , s a y ,  th r e e - v a lu e d  o r t e r n a r y  lo g ic ,  th e  
em phasis i s  c e n te re d  on r e p l a c in g  m, m > 2 , p a r a l l e l  b in a r y  m achines 
w i th  one m u l t ip le - v a lu e d  m ach ine  h av in g  a r a d ix  r  = 2™. In  many o f  th e  
s p e c i f i c  c i r c u i t  ex am p les , th e  v a lu e  o f m = 2 i s  s e l e c te d  in  o rd e r  to  
keep  th e  c i r c u i t  developm ent and  a n a ly s i s  a s  s im p le  a s  p o s s ib l e .
I t  w i l l  be shown t h a t  p r e v io u s ly  u se d  m u l t ip le - v a lu e d  s to ra g e  
d e v ic e s  w i l l  n o t  s u f f i c e  l o g i c a l l y  f o r  a  s t a t e  i n t e g r a t e d  s to ra g e  e l e ­
m ent and some work w i l l  b e  d i r e c t e d  tow ard th e  d eve lopm en t o f  a s u i t a b l e  
m u l t i - s t a b l e .  W ithou t t h i s  new d e v ic e ,  s t a t e  in te g r a t e d  s e q u e n t ia l  
l o g i c  c i r c u i t s  a r e  n o t  e a s i l y  r e a l i z a b l e .
% e n  th e  fo re g o in g  r e s u l t s  a r e  s a t i s f a c t o r i l y  o b ta in e d ,  s t a t e  
i n te g r a t e d  and m u lt ip le x e d  d i g i t a l  sy stem  d e s ig n  w i l l  become a new 
m ethod f o r  r e a l i z i n g  two o r  m ore i d e n t i c a l  d i g i t a l  m a c h in e s . The 
c o n c e p t u n d e r l i e s  and adds im p e tu s  to  th e  c o n s t r u c t io n  o f  a t r u e  d u a l 
r a d i x  m ach ine o r  p r o c e s s o r .  Such a m achine w ould be  c a p a b le  o f o p e ra t in g
in  th e  s t a t e  i n te g r a t e d  and m u lt ip le x e d  mode as  two o r  m ore i d e n t i c a l  
p r o c e s s o r s ,  o r  i t  co u ld  be  s w itc h e d  to  fu n c t io n  as a s in g l e  p r o c e s s o r  
o p e r a t in g  in  th e  n a tu r a l  r a d i x  o f  th e  m u l t ip le - v a lu e d  lo g ic  em ployed. 
T h e re fo re ,  t h i s  work hopes to  s o lv e  h a l f  o f  th e  p rob lem  by show ing t h a t  
m u l t ip le - v a lu e d  lo g ic  e le m e n ts  w i l l  s u p p o r t  th e  re p la c e m e n t o f  two o r 
more b in a r y  m ac h in es . F u tu re  fo llo w -o n  r e s e a r c h  may be a b le  to  show 
d e t a i l e d  r e s u l t s  fo r  e i t h e r  th e  c a s e  o f  n o n -b in a ry  su b -m ach ines  o r  th e  
d u a l r a d i x  p ro c e s s o r  c o n c e p t.
P re v io u s  Work
P a r a l l e l  p ro c e s s in g  l o g i c  h a s  been used  to  in c r e a s e  t h e  speed  
o f s e v e r a l  com puter sy stem s [ 1 ,2 ] .  T hese l a r g e  p a r a l l e l  p r o c e s s o r s  a r e  
among th e  m ost p o w e rfu l m ach in es  a v a i l a b l e  to d a y . A ll  o f  th e s e  m ach ines 
a r e  r e a l i z e d  by th e  a p p l i c a t i o n  o f  b in a r y  lo g ic  e le m e n ts . We a r e  con­
c e rn e d  h e re  w ith  an a l t e r n a t i v e  r e a l i z a t i o n  m ethod f o r  p a r a l l e l  m ach ines 
t h a t  u s e s  m u l t ip le - v a lu e d  l o g i c  e le m e n ts . S u c c e s s fu l  m a n u fa c tu re  o f 
m u l t ip le - v a lu e d  lo g ic  d e v ic e s  h a s  been  ac h ie v e d  u s in g  I n te g r a t e d  I n je c ­
t i o n  L o g ic  o r I^L  [ 3 ,4 ] .  S m ith  [5 ] h a s  p re s e n te d  an  overv iew  o f  v a r io u s  
e l e c t r o n i c  im p le m e n ta tio n s  f o r  m u l t ip le - v a lu e d  lo g ic  d e v ic e s .
Much o f  th e  work i n  m u l t ip le - v a lu e d  lo g ic  sy stem s h a s  in v o lv e d  
d e v is in g  a lg e b r a i c  s t r u c t u r e s .  The P o s t  a lg e b r a s  [ 6 ] have been  w id e ly  
u sed  and form  th e  b a s i s  f o r  s e v e r a l  c o m b in a tio n a l and s e q u e n t i a l  c i r c u i t  
d e s ig n  m ethods. The m in im iz a t io n  o f  P o s t  b ased  m u lt ip le -v a lu e d  s w itc h ­
in g  f u n c t io n s  h a s  been  th e  work o f  s e v e r a l  a u th o r s  [ 7 - 9 ] .  C o m b in a tio n a l 
d e s ig n  m ethods s im i l a r  to  th o s e  i n  a  b in a r y  system  have been p ro p o sed  by 
A lle n  [1 0 ] . From e x p e r ie n c e  g a in e d  from  a c tu a l  I^L c i r c u i t  f a b r i c a t i o n ,  
M cCluskey [1 1 ,1 2 ] has  p ro p o sed  a  new c o m b in a tio n a l d e s ig n  te c h n iq u e .
H is work a llo w s  a  r i c h  s e t  o f  p r im it iv e  f u n c t io n s ,  some o f  w hich o ccu r 
n a t u r a l l y  in  th e  c u r r e n t  mode I^L  c i r c u i t s .
S e q u e n tia l  c i r c u i t  d e s ig n  f o r  m u l t ip le - v a lu e d  sy s tem s r e l i e s  on 
th e  c o m b in a tio n a l w ork b u t a l s o  in c lu d e s  e x p lo r a t io n  o f  memory e le m en ts  
and th e  i n t e r a c t i o n  o f  c i r c u i t  com ponents t h a t  r e s u l t  i n  h a z a rd  and ra c e  
c o n d i t io n s .  W ojcik  [13 ,14 ] and S heafo r [15] h a v e  exam ined th e  p rob lem  
o f  asyn ch ro n o u s s e q u e n t i a l  c i r c u i t  d e s ig n . B oth  s tu d i e s  c o n s id e re d  th e  
memory e lem en t re q u ire m e n t and th e  need f o r  c o m b in a tio n a l  c i r c u i t s  t h a t  
a r e  f r e e  o f h a z a rd  c o n d i t io n s .  S p e c if ic  e f f o r t  f o r  t h e  developm ent o f  
memory e le m en ts  i s  found in  [1 6 -1 9 ] . I n  p a r t i c u l a r ,  W il ls  [19] h a s  
p r e s c r ib e d  a c o n c is e  model f o r  th e  b e h a v io r  o f m u l t ip le - v a lu e d  memory 
e le m e n ts . Race c o n d i t io n s  do n o t pose a s  g r e a t  a  p rob lem  a s  do h a z a rd s ,  
b u t  th e  s u b je c t  h a s  been  c o n s id e re d  by M oraga [20] f o r  th r e e - v a lu e d  o r  
t e r n a r y  lo g ic  s y s te m s .
B oolean  b a sed  m u lt ip le -v a lu e d  sy stem s h ave  r e c e iv e d  a t t e n t i o n  
p r im a r i ly  a t  th e  a lg e b r a ic  l e v e l  and l i t t l e  c o n s id e r a t io n  h as  been  g iv e n  
f o r  s e r io u s  d e s ig n  o f  lo g ic  d e v ic e s .  W ojcik  [21] has  shown r e l a t i o n s h ip s  
betw een  P o s t  and B oo lean  s in g l e  v a r i a b l e  f u n c t io n s .  W ojc ik  and M etze [22] 
have p ro v id e d  a m ethod based  on th e s e  r e l a t i o n s h i p s  t h a t  a llo w s  m in im i­
z a t io n  o f  h ig h e r - o r d e r  B oolean  f u n c t io n s  a f t e r  t h e  f u n c t io n  i s  mapped to  
a  c o rre sp o n d in g  P o s t  f u n c t io n .
One a d v a n ta g e  in  d e s ig n in g  w ith  h ig h e r - o r d e r  B oo lean  based  
lo g ic  d e v ic e s  i s  th e  p o s s i b i l i t y  o f e x te n d in g  e x i s t i n g  te c h n iq u e s  o f th e  
'S>2 b in a ry  B oo lean  sy s te m . The n e c e s s a ry  m a th e m a tic a l  b a s i s  f o r  th e  B2 
and h ig h e r - o rd e r e d  sy stem s i s  g iv en  by Lee [ 2 3 ] .  When th e  m u l t ip le ­
v a lu e d  d i g i t a l  sy s te m  o p e ra te s  i n  th e  n a tu r a l  o r  h ig h e r  r a d ix  mode, an
im p o r ta n t  sh o rtc o m in g  o f h ig h e r - o rd e r e d  B oolean  a lg e b r a s  i s  th e  f a c t  
t h a t  t h e  AND, OR and COMPLEMENT f u n c t io n s  do n o t com prise  a  f u n c t i o n a l ly  
c o m p le te  sy s te m  f o r  m u l t ip le - v a lu e d  l o g i c .  F o r exam ple, in  th e  com bi­
n a t o r i a l  s e n s e ,  t h e r e  a r e  256 f u n c t io n s  o f  one v a r i a b l e  in  a f o u r -v a lu e d  
l o g i c  sy s te m ; how ever, th e r e  e x i s t  o n ly  16 B oo lean  f u n c t io n s  o f  one 
v a r i a b l e  [ 2 1 ] .  W ith o u t th e  i n c l u s io n  o f  a d d i t i o n a l  f u n c t io n s ,  th e  
B oo lean  sy s te m  c o n s i s t in g  o f  AND, OR, and COMPLEMENT w i l l  n o t  s u f f i c e  
f o r  th e  g e n e r a l  m u l t ip le - v a lu e d  l o g i c  sy s te m . On th e  o th e r  h an d , i f  th e  
m u l t ip l e - v a lu e d  sy s te m  r e p r e s e n t s  a  s e t  o f  B oo lean  system s o p e ra t in g  in  
p a r a l l e l ,  a s  i s  th e  c a s e  f o r  th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  
d i g i t a l  sy s te m , th e n  th e  B oolean a lg e b r a  i s  f u n c t i o n a l ly  c o m p le te .
The e v a lu a t io n  o f d i g i t a l  c i r c u i t  d e s ig n s  f o r  p ro p e r  o p e r a t io n  
i s  o f t e n  p e rfo rm ed  f o r  b in a ry  sy s tem s th ro u g h  th e  u s e  o f  c i r c u i t  sim u­
l a t i o n  co m pu ter p rogram s [2 4 ]. P rogram s o f  t h i s  ty p e  a r e  o f te n  c a te g o ­
r i z e d  a s  d e s ig n  a u to m a tio n  t o o l s .  D i g i t a l  s im u la to r s  may be o f  th e  g a te -  
l e v e l  ty p e  [2 5 ] , o r  th e y  may be  s t r u c t u r e d  a t  a h ig h e r  o r  f u n c t io n a l  
l e v e l  [ 2 6 ] .  A f u n c t io n a l  s im u la to r  i s  c o n v e n ie n t f o r  d e s c r ib in g  l a r g e  
s y s te m s , su c h  as an e n t i r e  com pu te r, p r i o r  to  th e  s e le c t i o n  o f  c i r c u i t  
e le m e n ts .  W ith  b o th  ty p e s  o f s im u la to r s ,  th e  d e s ig n e r  i s  a b le  to  
e x p lo re  t h e  i n t e r a c t i o n  o f th e  p e r t i n e n t  v a r i a b l e s  and f u n c t io n s  t h a t  
c o m p rise  t h e  d i g i t a l  sy stem .
With m u ltip le-va lu ed  d ig i t a l  system s th e v a r ia b les  and fu n ction s  
become correspond ingly  more complex, and the need for  a sim ulation  to o l  
cannot be overlooked . C ircu it d esig n s c o n s is t in g  of only a few g a tes  
can be ex ceed in g ly  d i f f i c u l t  to  an a lyze by hand. The in c lu s io n  o f new 
and u n fam iliar  m u ltip le -va lu ed  gate fu n ctio n s  can a lso  confuse the task
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o f  c i r c u i t  e v a lu a t io n  i f  p e rfo rm ed  m a n u a lly . M oraga [27] h a s  r e p o r te d  a 
t e r n a r y  g a t e - l e v e l  s im u la to r  and in  [28] p ro p o se s  th e  model f o r  a n  
enhanced  v e r s i o n  o f  th e  s im u la to r .  A n o te  o f c a u t io n  to  p re v e n t  unnec­
e s s a r y  c o n fu s io n  i s  t h a t  a t r u e  m u lt ip le - v a lu e d  lo g ic  e lem en t s im u la to r  
i s  b e in g  c o n s id e r e d  h e re  and n o t  b in a r y  l o g ic  s im u la to rs  t h a t  may employ 
s o - c a l l e d  m u l t ip le - v a lu e d  te c h n iq u e s  to  d e p ic t  dynam ic b in a r y  l o g ic  
phenomena su c h  a s  0 -1  t r a n s i t i o n s  [2 4 ] .
T hesis Summary
T h is  t h e s i s  i s  b a s i c a l l y  c o n c e rn e d  w ith  th e  i n v e s t i g a t i o n  o f  
l o g i c  d e s ig n  re q u ir e m e n ts  f o r  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  d i g i t a l  
s y s te m s . Such s y s te m s , i t  i s  c la im ed  by way of c o n je c tu r e ,  o f f e r  a new 
m ethod f o r  r e a l i z i n g  p a r a l l e l  p r o c e s s in g  m ach ines. The m ethods o f  
d e s ig n in g  c o m b in a tio n a l  and s e q u e n t i a l  l o g i c  c i r c u i t s  and memory e l e ­
m en ts  w i l l  be  a n a ly z e d . S p e c i f i c  r e s u l t s  a r e  l im i te d  to  r e p l a c in g  two 
o r  more p a r a l l e l  b in a r y  m ach ines w ith  one m u lt ip le -v a lu e d  lo g i c  m ach in e . 
M ean in g fu l c i r c u i t  exam ples a r e  u sed  th ro u g h o u t, and a c tu a l  r e s u l t s  o f  
c i r c u i t  b e h a v io r  a r e  d e r iv e d  by u s in g  a lo g ic  c i r c u i t  s im u la to r .
C h a p te r  I I  d i s c u s s e s  th e  b a s ic  m o tiv a t io n  f o r  th e  s t a t e  i n t e ­
g r a te d  and m u lt ip le x e d  d i g i t a l  sy stem  by f i r s t  show ing how an  a c tu a l  
com puter CPU can  be  r e a l i z e d  in  w hole o r  i n  p a r t  to  y ie ld  two o r more 
CPUs o r  e le m e n ts  t h e r e o f .  C h a p te r  I I I  p r e s e n t s  th e  n o ta t io n  and c i r c u i t  
o p e r a t in g  c o n c e p ts  to  be a p p l ie d  in  th e  a n a ly s i s  o f  lo g ic  c i r c u i t s .  
A ssu m p tio n s r e g a r d in g  d e la y s  and d e v ic e  s ig n a l  re s p o n s e s  a r e  g iv e n  
fo llo w e d  by  a  d i s c u s s io n  o f p e r t i n e n t  t h e o r e t i c  w ork. M u lt ip le -v a lu e d  
lo g ic  c i r c u i t  s im u la t io n ,  to  be used  a s  a  to o l  f o r  e v a lu a t in g  lo g ic
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c i r c u i t  b e h a v io r ,  i s  a l s o  p r e s e n te d .  F i n a l l y ,  t h e  r e a l i z a t i o n  o f  p e r t i ­
n e n t  m u l t ip l e - v a lu e d  l o g i c  g a te s  i s  g iv e n .
L og ic  c i r c u i t  d e s ig n  i s  th e  t o p i c  o f  t h e  n e x t  th r e e  c h a p te r s .  
C h a p te r  IV p r e s e n t s  th e  c o m b in a tio n a l c i r c u i t  d e s ig n  p h ilo so p h y  and 
g iv e s  r e s u l t s  f o r  s im u la te d  ex am p les . C h a p te rs  V and VI a r e  co n cern ed  
w ith  s e q u e n t i a l  lo g ic  c i r c u i t  d e s ig n .  I n  C h a p te r  V th e  l o g i c a l  d e s ig n  
o f  a  new memory e lem en t i s  g iv e n . The d e v ic e  i s  shown to b e  a b le  to  
s im u l ta n e o u s ly  s t o r e  t h e  s t a t e  o r  in fo r m a t io n  f o r  two o r  m ore b in a ry  
m a c h in e s . S e v e ra l  v a r i a t i o n s  o f  th e  b a s ic  memory d e v ic e  a r e  d ev e lo p ed  
and a l lo w  b o th  sy n ch ro n o u s  and a sy c h ro n o u s  o p e r a t io n ,  depend ing  on th e  
d e v ic e  c h o sen . C h a p te r  VI u se s  t h e  r e s u l t s  o f t h e  p re v io u s  two c h a p te r s  
and d e v e lo p s  t h e  s e q u e n t i a l  lo g ic  c i r c u i t  d e s ig n  p r o c e s s .  A gain , 
exam ple c i r c u i t s  a r e  shown a lo n g  w ith  s im u la te d  r e s u l t s .
Two a p p e n d ic e s  a re  in c lu d e d  to  p ro v id e  u s e r  in fo rm a tio n  and 
s o u rc e  l i s t i n g  f o r  th e  m u lt ip le - v a lu e d  l o g i c  s im u la to r .  A ppendix  A i s  a  
u s e r ' s  g u id e  to  th e  s im u la to r ,  g iv in g  th e  c a p a b i l i t y  ran g e  o f  th e  s o f t ­
w are  and  th e  means f o r  su p p ly in g  in p u t  d a ta  and e x e c u tio n  c o n t r o l .  
A ppendix  B c o n ta in s  th e  so f tw a re  so u rc e  l i s t i n g .
CHAPTER I I
CONSTRUCTION OF PARALLEL MACHINES 
USING MULTIPLE-VALUED LOGIC
D i g i t a l  System  Components and C i r c u i t  Types 
The c o n s t r u c t io n  of some p a r a l l e l  p r o c e s s o r s ,  such  as  I l l i a c  IV 
[ 2] ,  i s  c e n te r e d  a b o u t th e  a p p l i c a t i o n  o f  s e v e r a l  s m a ll b in a ry  p ro ­
c e s s o r s  o p e r a t in g  in  p a r a l l e l  to  a c h ie v e  an  o v e r a l l  h ig h  r a t e  o f  th ro u g h ­
p u t .  W ith o u t b e in g  o v e r ly  con cern ed  w ith  a  s p e c i f i c  p a r a l l e l  p r o c e s s o r  
a r c h i t e c t u r e ,  c o n s id e r  a  sm all s in g l e  CPU a r c h i t e c t u r e  such  a s  I n t e l  
8080/8085 m ic ro p ro c e s s o r  [2 9 ]. A s im p l i f ie d  b lo c k  d iag ram  o f t h i s  p ro ­
c e s s o r  i s  g iv e n  i n  F ig u re  2 .1 . N ote t h a t  th e  m ach ine has  s e v e r a l  
g e n e ra l  p a r t s .  T here  i s  an a r i th m e t ic  and lo g ic  u n i t  (ALU) used  f o r  
a d d i t io n  and l o g i c  o p e ra t io n s .  The i n t e r n a l  r e g i s t e r s  com prise  a n o th e r  
m ajor p o r t i o n  o f  th e  CPU. S e v e ra l  r e g i s t e r s  a r e  u sed  f o r  d a ta  m anipu­
l a t i o n  and s to r a g e .  R e g is te r  A i s  th e  a c c u m u la to r  and g e n e r a l ly  su p ­
p l i e s  an  a rgum en t f o r  a r i th m e t ic  and lo g ic  f u n c t io n s ,  and th e  r e s u l t  o f  
th e s e  o p e r a t io n s  i s  s to r e d  back  in  th e  a c c u m u la to r  a s  w e l l .  O th e r 
r e g i s t e r s ,  su c h  a s  th e  program c o u n te r  (PC) and s t a c k  p o in te r  (SP) have  
s p e c i a l  u s e s .  The l a s t  m ajor p a r t  o f th e  sy s tem  i s  th e  c o n t r o l  u n i t
1 2
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w hich decodes i n s t r u c t i o n s  and c o n t r o l s  t h e i r  e x e c u t io n .  I n  g e n e ra l ,  
a l l  o f  th e s e  o p e r a t io n s  a r e  sy n ch ro n ized  by th e  c lo c k .





C o n tro l
F ig u r e  2 .1 .  A S im ple P ro c e s s o r  A r c h i t e c tu r e
U sing t h i s  a r c h i t e c t u r e  a s  a m odel, c o n s id e r  th e  ty p e s  of 
b in a ry  lo g ic  c i r c u i t s  t h a t  a re  used  to  c o n s t r u c t  i t .  F i r s t ,  th e  ALU 
can  be b u i l t  a s  a  c o m b in a tio n a l lo g ic  c i r c u i t  w h ich  f u n c t io n s  under th e  
s u p e rv is io n  o f t h e  c o n t r o l  u n i t .  The c o n t r o l  u n i t ,  on th e  o th e r  hand , 
i s  b a s i c a l l y  a  s e q u e n t i a l  c i r c u i t .  The i n t e r n a l  r e g i s t e r s  a t t a c h  to  an 
i n t e r n a l  b u s , and  to g e th e r  th e s e  e le m en ts  co m p rise  a  r e g i s t e r  t r a n s f e r  
c i r c u i t  w h ich , f o r  p u rp o se s  h e re ,  w i l l  b e  c o n s id e re d  a s p e c i a l  ty p e  o f 
s e q u e n t i a l  c i r c u i t .  These th re e  c i r c u i t  ty p e s  a r e  p r e s e n t  i n  p r a c t i ­
c a l l y  e v e ry  c e n t r a l  p ro c e s s in g  u n i t .
To r e p l i c a t e  such  a b in a ry  p r o c e s s o r ,  in  w ho le  o r  in  p a r t ,  i n  
o rd e r  to  g e n e r a te  a  m u lt ip ro c e s s o r  o r  p a r a l l e l  p r o c e s s o r  a r c h i t e c tu r e  
r e q u i r e s  th e  e x t e r n a l  c o n n e c tio n  o f two o r  m ore su c h  m a c h in e s . Now 
c o n s id e r  th e  u s e  o f  m u l t ip le -v a lu e d  lo g ic  d e v ic e s  f o r  th e  c o n s t r u c t io n
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o f  an ALU. A pp ly ing  th e  s t a t e  i n t e g r a t e d  and m u lt ip le x in g  schem e u s in g  
e ig h t - v a lu e d  l o g i c  f u n c t io n s ,  th r e e  su c h  b in a r y  p r o c e s s o rs  c o u ld  b e  con­
s t r u c te d  to  o p e r a te  s im u lta n e o u s ly  w i t h in  th e  m u l t ip le - v a lu e d  l o g i c .  
F u r th e r ,  t h e  t h r e e  p r o c e s s o r s  cou ld  each  o p e r a te  in d e p e n d e n tly  o f th e  
o th e r s ;  t h a t  i s ,  th e y  c o u ld  e x e cu te  d i f f e r e n t  i n s t r u c t i o n s  and c o n ta in  
d i f f e r e n t  i n t e r n a l  d a ta  and s t a t e s .
To a c c o m p lish  th e  c o n s t r u c t io n  o f  th e  m u lt ip le - v a lu e d  p ro c e s ­
s o r ,  th e  l o g i c  f u n c t io n s  m ust be  i d e n t i f i e d ,  and th e  lo g ic  c i r c u i t  
d e s ig n  m ethods f o r  th e  t h r e e  c i r c u i t  ty p e s  m en tio n ed  p r e v io u s ly  m ust 
a l s o  be exam ined . F in d in g  s u i t a b l e  m ethods w i l l  a llo w  th e  s p e c i f i c a t i o n  
o f  d i g i t a l  sy s te m s  b ased  upon th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  
a p p ro a c h .
The E ncoder/D ecoder I n t e r f a c e
S u p p o sin g  t h a t  a  m u l t ip le - v a lu e d  lo g ic  s t a t e  i n te g r a t e d  and 
m u lt ip le x e d  sy s te m  can  b e  b u i l t  t h a t  w i l l  r e p l a c e  two o r  more i d e n t i c a l  
p r o c e s s o r s ,  a p o s s ib l e  p rob lem  e x i s t s  f o r  i n t e r f a c i n g  th e  sy stem  to  
e x i s t i n g  e x t e r n a l  b in a r y  com ponents. F o r exam ple, i t  may be a d v a n ta ­
geous to  u s e  h ig h  d e n s i ty  b in a ry  m em ories f o r  t h e  p rim a ry  s to r a g e  u n i t .  
An e n c o d e r /d e c o d e r  i n t e r f a c e  i s  n e c e s s a ry  to  encode b in a ry  s ig n a l s  i n to  
m u l t ip le - v a lu e d  s i g n a l s ,  and a d eco d er i s  needed  to  c o n v e rt in  th e  
r e v e r s e  d i r e c t i o n .  Edwards [30] h as  p r e s e n te d  I^L  c i r c u i t s  t h a t  encode 
and decode b in a r y  to  f o u r -v a lu e d  s i g n a l s ,  and t h i s  a b i l i t y  i s  e x a c t ly  
w hat i s  n eeded  f o r  c o n v e rs io n  betw een  b in a r y  com ponents and a  f o u r ­
v a lu e d  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  p r o c e s s o r .
The e n c o d e r /d e c o d e r  c i r c u i t s  a r e  a p p l ie d  on a l l  e x te r n a l  p ro ­
c e s s o r  s ig n a l  p a th s  t h a t  e x i t  th e  p r o c e s s o r  and c o n n e c t to  b in a r y
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com ponents. N o rm ally , t h i s  group in c lu d e s  a l l  bus s i g n a l s  t h a t  communi­
c a te  w ith  e x te r n a l  b in a r y  d e v ic e s .  For th e  p r o c e s s o r  a r c h i t e c t u r e  g iv e n  
above , F ig u re  2 .2  shows how th e  encoders and d e c o d e rs  a r e  a p p l ie d .  To 
s im p l i f y  th e  d ia g ra m , n o t  a l l  e x te r n a l  s ig n a l s  a r e  shown. F o r t h i s
D a ta  Bus 
E ncoder
A ddress Bus 
D ecoder
D a ta  Bus 
D ecoder
M u lt ip le -V a lu e d
P ro c e s s o r
B in a ry
A d d re ss
B u sses
B in a ry
D a ta
B u sses
F ig u re  2 .2 .  A p p l i c a t io n  o f E ncoder/D ecoder C i r c u i t s
p a r t i c u l a r  m ach ine a r c h i t e c t u r e  th e  a d d re s s  bus i s  one-w ay f o r  th e  CPU, 
and no en c o d er i s  r e q u i r e d .  However, th e  d a ta  bu s  r e q u i r e s  b o th  an  
en co d er and a d e c o d e r . N ote  t h a t  on th e  r ig h th a n d  s id e  o f  th e  e n c o d e r /  
d eco d er c i r c u i t s ,  t h e  b u s s e s  a r e  b in a ry  and each  s i g n a l  p a th  c a r r i e s  one 
b in a r y  s i g n a l .  T hese  b in a r y  s ig n a l s  c o u ld  be  c o n n e c te d  to  s e p a r a te  
b in a ry  memory s y s te m s , e a c h  c o n ta in in g  a  d i f f e r e n t  s o f tw a r e  program  and 
d a ta .
A S im ple  C i r c u i t  Example 
To d e m o n s tra te  th e  s t a t e  in te g r a t e d  and m u l t ip le x e d  co n c ep t a t  
a  f i n e r  l e v e l ,  a  s im p le  c i r c u i t  example w i l l  b e  g iv e n .  The exam ple i s  
a ls o  u s e f u l  f o r  show ing t h a t  t h e  co n cep t can  b e  a p p l i e d  a t  v a r io u s  fu n c ­
t i o n a l  l e v e l s ,  i . e . ,  an  e n t i r e  p ro c e s s o r  need  n o t be d e s ig n e d . The 
d e t a i l e d  c i r c u i t  b e h a v io r  i s  n o t  d is c u s s e d  a t  t h i s  t im e  and i s  d e fe r r e d  
u n t i l  a d d i t i o n a l  m a t e r i a l  i s  p r e s e n te d ;  how ever, t h i s  s p e c i f i c  c i r c u i t  
exam ple w i l l  h e lp  c l a r i f y  th e  id e a s  b e in g  d i s c u s s e d .
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F ig u r e  2 .3  shows a  c o m b in a tio n a l h a l f  ad d e r  c i r c u i t .  I n s te a d  
o f  b e in g  b i n a r y ,  th e  lo g ic  g a te s  sh o u ld  be  c o n s id e re d  a s  f o u r - v a lu e d .  
B in a ry  to  q u a te r n a r y  e n c o d e rs  and d e c o d e rs  a r e  shown on th e  c i r c u i t  in ­
p u ts  and o u t p u t s ,  r e s p e c t i v e l y .  A l l  s i g n a l  p a th s  be tw een  th e  e n c o d e rs  
and d e c o d e rs  c a r r y  f o u r - v a lu e d  lo g ic  s i g n a l s .  The lo g ic  g a te s  a r e  
B oolean  AND, OR, and COMPLEMENT g a te s .
F ig u re  2 .3 .  S t a t e  I n te g r a t e d  and M u ltip le x e d  H a lf  Adder
The c i r c u i t  f u n c t io n s  by e n c o d in g  p a i r s  o f  b in a r y  in p u t s i g n a l s  
A^, A£, and B ^ , 62  i n to  f o u r -v a lu e d  s i g n a l s ,  summing th e s e  fo u r -v a lu e d  
in p u t s ,  and g e n e r a t in g  th e  sum and c a r r y - o u t .  The fo u r-v a lu e d  sum i s  
decoded  in to  b in a r y  s ig n a l s  and S g . L ik e w ise , th e  c a r r y -o u t  i s  de­
coded  in to  and C2 . In  e x p l i c i t  te rm s , th e  A^ and B^ b in a ry  v a lu e s  
a r e  summed t o g e t h e r  a n d , s im u l ta n e o u s ly ,  th e  A2 and B^ b in a ry  i n p u t s  a r e  
summed t o g e t h e r .  The c i r c u i t ,  t h e r e f o r e ,  o p e r a te s  a s  i f  i t  were two 
b in a r y  h a l f  a d d e r s  o p e r a t in g  in  p a r a l l e l .
C i r c u i t s  o f  t h i s  ty p e  a r e  im p o r ta n t  when th e  fu n c t io n  b e in g  
p e rfo rm ed  i s  n eed ed  c o n c u r r e n t ly  in  tim e  by  two o r  more p ro c e s s e s .
Such co u ld  b e  th e  c a se  f o r  an  a d d e r  in  a  CPU s in c e  th e  ad d e r may b e  used  
to  in c re m e n t (add  one to )  a  r e g i s t e r  su c h  a s  th e  PC a s  w e ll  as p e rfo rm  a
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norm al a d d i t io n  o p e r a t io n  r e s u l t i n g  from t h e  e x e c u t io n  o f  an ADD i n s t r u c ­
t i o n .  T h is s i t u a t i o n  o c c u rs  so f r e q u e n t ly  t h a t  some b in a ry  CPUs p o s s e s s  
a  s e p a r a te  a r i t h m e t i c  u n i t  to  p e rfo rm  a d d re s s  c a l c u l a t i o n s  c o n c u r re n t ly  
and s e p a r a te ly  from  t h e  norm al a r i th m e t ic  u n i t .  W ith a s t a t e  in te g r a t e d  
and m u lt ip le x e d  a r i t h m e t i c  u n i t  in c o rp o ra te d  i n t o  a b in a r y  CPU, two o r  
more a r i t h m e t i c  c i r c u i t s  a re  in h e r e n t ly  p ro v id e d . The p e n a l ty  o f 
en co d in g  and d e co d in g  m ust b e  p a id  to  a c h ie v e  t h i s  c a p a b i l i t y .  One 
ad v a n ta g e  g a in e d , how ever, i s  t h a t  few er s ig n a l  p a th s  a r e  r e q u i r e d .
The o v e r a l l  g o a l  o f th e  t h e s i s  i s  to  e x te n d  th e  s t a t e  i n t e g r a ­
te d  and m u lt ip le x in g  c o n c e p t to  in c lu d e  m ore th a n  a r i t h m e t i c  e le m e n ts , 
a lth o u g h  in  p r a c t i c e  t h i s  ty p e  o f  c i r c u i t  may be  a  good p la c e  to  i n i t i a l ­
l y  a p p ly  th e  schem e. The rem a in in g  c h a p te r s  w i l l  d e v e lo p  th e  th r e e  m ain 
c i r c u i t  ty p e s  and a n a ly z e  c i r c u i t  b e h a v io r  so t h a t  t h e  s t a t e  i n te g r a t e d  
and m u lt ip le x e d  te c h n iq u e  i s  e s ta b l i s h e d  f o r  a  b ro a d  ra n g e  o f a p p l i c a t i o n s .
CHAPTER I I I
PHYSICAL AM) THEORETICAL LOGIC CIRCUIT CONCEPTS
N o ta tio n
F or an r - v a lu e d  d i g i t a l  system  d e n o te  th e  r  d i s t i n c t  lo g ic
v a lu e s  a s  0 , 1 , 2 , . . . , r - l .  T hese  n u m erica l e le m e n ts  r e p r e s e n t  th e  v a lu e s
t h a t  a  lo g ic  v a r i a b l e  may assum e. A f u n c t i o n a l ly  co m p le te  P o st a lg e b r a  
[ 6 ] w ith  z e ro  e le m en t 0 and u n iv e r s a l  e lem en t r - 1  c o n s i s t s  o f th e  s e t  o f 
e le m en ts  S^ = {0 , 1 , . . . , r - l } , and th e  o p e r a t io n s  d e f in e d  a s
MIN: A %2 = MIN (X^, X^)
MAX: X i  V = MAX (X ^ , X )
->a
CYCLE: X^ = X  ̂ + a  (mod r )  .
The s t r o n g  n e g a t io n  u n a ry  f u n c t io n  i s  d e f in e d  as
X^ = ( r - 1) -  X^.
T h is  f u n c t io n  i s  o f t e n  c o n s id e re d  f o r  im p lem e n ta b le  sw itc h in g  a lg e b ra s  
b u t c a n n o t be  u sed  s o l e l y  to  r e p la c e  th e  CYCLE o p e r a t io n  w ith o u t s a c r i ­
f i c i n g  th e  f u n c t i o n a l  co m p le te n e ss  p r o p e r ty .  F u n c t io n a l  com p le ten ess  
n e c e s s i t a t e s  th e  a b i l i t y  to  e x p re ss  r^  f u n c t io n s  o f  a  s in g l e  v a r i a b l e .  
F ig u re  3 .1  shows th e  f u n c t io n  maps, t r u t h  t a b l e s  and a s s o c ia te d  lo g ic  
sym bols f o r  th e  f o re g o in g  fu n c t io n s  w ith  r  = 4 .
1 8
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0 1 2 3 0 1 2 3
0 0 0 0 0 0 0 1 2 3
1 0 1 1 1 1 1 1 2 3
2 0 1 2 2 ^ 2 2 2 2 3
3 0 1 2 3 3 3 3 3 3
(a )  MIN F u n c tio n (b) MAX F u n c tio n
X-,
a = l a =2 a=3 ^1 ^1
0 1 2 3 0 3
1 2 3 0 1 2
2 3 0 1 2 1
3 0 1 2 3 0
^ a
X,
(c )  C ycle  F u n c tio n (d) S tro n g  N e g a tio n
F ig u re  3 .1 .  M u ltip le -V a lu e d  F u n c tio n s  f o r  r  = 4.
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A f u n c t i o n a l l y  co m ple te  h ig h e r - o r d e r  B oo lean  a lg e b r a  w ith  e l e ­
m ents h av in g  c a r d i n a l i t y  r  = 2™, m an in te g e r  > 1 , i s  form ed by th e
o p e ra t io n s  d e f in e d  a s
AND: X
OR; X ^  4- X
^COMPLEMENT: = ( r - 1 )  -  X^.
The sym bols (x ,+ )  a r e  ch o sen  to  d e p ic t  th e  m u l t ip le - v a lu e d  n a tu r e  o f 
th e s e  o p e r a t io n s  and  p re v e n t  c o n fu s io n  w ith  th e  b in a r y  sy stem  when 
exam ining  l o g i c  f u n c t io n s  and g a t e s .  For th e  b in a r y  c a se  ( r  = 2 ) ,  th e  
f a m i l i a r  (* ,+ )  w i l l  b e  u se d  f o r  th e  AND and OR o p e r a t io n s ,  r e s p e c t i v e l y .  
The f u n c t io n  maps and  lo g ic  sym bols f o r  th e  fo u r - v a lu e d  B oo lean  sy s tem  
a r e  g iv e n  i n  F ig u re  3 .2 .  B in a ry  AND g a te s  and OR g a te s  w i l l  b e  shown 
w ith o u t th e  i n t e r n a l  sym bols.
Xn
X„ X.
0 1 2 3 0 1 2 3
^1
X
0 0 0 0 0 0 0 1 2 3 0 3
1 0 1 0 1 1 1 1 3 3 1 2
2 0 0 2 2 Xi 2 2 3 2 3 2 1
3 0 1 2 3 3 3 3 3 3 3 0
+
(a )  AND F u n c tio n  (b ) OR F u n c tio n  (c )  COMPLEMENT
F ig u re  3 .2  M u lt ip le -V a lu e d  B oo lean  F u n c tio n s  f o r  r  = 4 .
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B e h a v io ra l  C oncep ts
As d e f in e d  in  th e  p r e v io u s  s e c t io n ,  th e  r  v a lu e s  a s s o c i a te d  
w i th  an  r - v a lu e d  sy s tem  a re  d e n o te d  by S^= { 0 , 1 , . . . , r - l } .  S ig n a l  o r  
v a r i a b l e  t r a n s i t i o n s  w i th in  th e  r  v a lu e s  can  be  o rd e re d  by t h r e e  m ethods 
[ 1 3 ] .  For 0 < 1< 2< .. . < r - l  and a  v a r i a b l e  t r a n s i t i o n  from  a  v a lu e  i  to  a 
v a lu e  j , i , j  e R, th e  o r d e r in g  i s  l i n e a r  i f  th e  v a r i a b l e  t e m p o r a r i ly  
assum es a l l  v a lu e s  betw een  i  and j . I f  0 < 1< 2< .. . < r - l  and th e  t r a n s i ­
t i o n s  from  r - 1  to  0 and 0 to  r - 1  can  be  made d i r e c t l y ,  th e  o r d e r in g  i s  
c y c l i c . I f  i t  i s  p o s s ib l e  to  t r a n s f e r  d i r e c t l y  from  any v a lu e  i  to  any 
v a lu e  j , th e  o r d e r in g  i s  c o m p le te .
P h y s ic a l  r e p r e s e n t a t i o n  o f  m u l t ip le - v a lu e d  lo g ic  l e v e l s  c o u ld  
b e  im plem ented  by  s e v e r a l  m e th o d s . M u lt ip le  f re q u e n c y  s ig n a l s  i n  
e l e c t r o n i c  d e v ic e s  o r  m u l t ip l e  c o lo r  ( f re q u e n c y )  m ethods in  e l e c t r o ­
m a g n e tic  r a d i a t i o n  a r e  two p o s s ib l e  schem es. By f a r ,  th e  m ost common 
m ethod e n c o u n te re d  i n  p r e s e n t - d a y  te c h n o lo g y  w i l l  be  an  e l e c t r o n i c  
v o l t a g e  o r c u r r e n t  r e p r e s e n t a t i o n  o f  th e  l o g i c  v a lu e s .  In  th e  v o l ta g e  
c a s e ,  th e  v o l ta g e  l e v e l s  [V q ,v^ ,V 2 , . . . ,v^_^] have a  l i n e a r  o r d e r in g ,  
Vq<v-j^<V2 . . .  ^ v ^ _ ^ . The c o rre s p o n d e n c e  betw een  th e s e  l e v e l s  and th e  l o g ic  
v a lu e s  a s s ig n s  v o l ta g e  l e v e l  v^ to  lo g ic  v a lu e  i .  T hus, th e  v o l ta g e  
schem e r e q u i r e s  th e  lo g ic  v a lu e s  to  b e  l i n e a r l y  o r d e r e d . A s im i la r  
a rgum en t e x i s t s  f o r  th e  c u r r e n t  r e p r e s e n t a t i o n  m ethod. S in ce  b o th  
v o l t a g e  and c u r r e n t  m ethods p r e s e n t ly  e x i s t  and s in c e  th e  a ssu m p tio n  o f 
l i n e a r l y  o rd e re d  v a r i a b l e s  i s  a w o rs t  c a se  c o n d i t io n ,  i t  i s  assum ed i n  
t h i s  t h e s i s  t h a t  a l l  v a r i a b l e s  w i l l  ta k e  on l i n e a r l y  o rd e re d  v a lu e s .
The l i n e a r  o r d e r in g  a ssu m p tio n  p la c e s  c o n s t r a i n t s  on t h e  t r a n ­
s i t i o n s  t h a t  c an  o c c u r  on s i g n a l  l i n e s  o f a m u l t ip le - v a lu e d  c i r c u i t .
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Each lo g ic  g a te  in  t h e  c i r c u i t  p ro d u ces  an  o u tp u t  t h a t  may change from  i  
to  j .  Such a c h an g e , w hich  r e s u l t s  from  one o r  more in p u t  t r a n s i t i o n s ,  
i s  c o n s tr a in e d  to  r e f l e c t  a l l  v a lu e s  i n  l i n e a r  o rd e r  be tw een  i  and j . 
Each v a lu e  w i l l  e x i s t  on th e  l i n e  fo r  some a r b i t r a r y  f i n i t e  le n g th  o f  
t im e .
The lo g ic  d e v ic e  r e a c t i o n  to  changes on an in p u t  l i n e  i s  a l s o  
an im p o r ta n t  c o n s id e r a t io n .  I f  t h e  in p u t  v a lu e  makes a  t r a n s i t i o n  from  
i  to  j , t h e  g a te  may o r  may n o t  r e a c t  to  in te r m e d ia te  l o g i c  v a lu e s .  I f  
th e  g a t e 's  i n e r t i a l  d e la y ,  A^, i s  exceeded  by an  in p u t s ig n a l ,  th e  g a te  
w i l l  r e a c t  to  th e  l o g i c  v a lu e .  I t  c o u ld  be th e  c a se  t h a t  th e  d e v ic e  
r e a c t s  to  some in te r m e d ia te  v a lu e s  b u t n o t o t h e r s .  P e rh a p s  a  w o rs t c a se  
c o n d i t io n ,  w hich i s  t h e  one assum ed h e r e ,  i s  t h a t  th e  g a te  r e a c t s  to  a l l  
in te r m e d ia te  v a lu e s .  D epending on th e  g a te  ty p e ,  some o r  a l l  o f  th e s e  
r e a c t io n s  may c a u se  a  change i n  th e  o u tp u t  o f  th e  d e v ic e .  T his assump­
t io n  th u s  c a u se s  = 0 .
I n  a l l  c a s e s  i t  i s  assum ed t h a t  th e  g a te  e x h ib i t s  a t r a n s p o r t  
d e la y  o f  f i n i t e  t im e . For t r a n s p o r t  d e la y  A^, an  in p u t  change a t  tim e  
t^  t h a t  c a u se s  an o u tp u t  change w i l l  n e c e s s i t a t e  th e  change on th e  g a te  
o u tp u t a t  tim e  t£ ,  w here  t£  = t^  +  A,j,. I t  sh o u ld  be p o in te d  o u t t h a t  
th e  o u tp u t b e g in s  to  change  a t  tg .  I f  th e  change i s  a m u l t i p l e - l e v e l  
t r a n s i t i o n ,  each  in te r m e d ia te  v a lu e  w i l l  be r e f l e c t e d  on  th e  o u tp u t  in  
l i n e a r  o r d e r  a t  some t im e  fo llo w in g  t 2 *
To a c c u r a te ly  s p e c i f y  th e  t r a n s i t i o n  tim e , c o n s id e r  a s ig n a l  
chang ing  from  lo g ic  v a lu e  i  t o  lo g ic  v a lu e  j . L e t Â  ̂ and be th e  r i s e  
and f a l l  t im e , r e s p e c t i v e l y ,  betw een  a d ja c e n t  lo g ic  l e v e l s .  The fo llo w ­
ing  d i s c r e t e  r i s e / f a l l  tim e  p ro c e d u re  i s  u sed  to  c a lc u la t e  th e  tim e
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a t  w hich  lo g i c  l e v e l s  w i l l  b e  o b se rv e d  on a l i n e  t h a t  i s  chang ing  v a lu e  
b e g in n in g  a t  t 2 :
1) I f  | i - . i |  = 1) t h e  change  i s  r e f l e c t e d  a t  tg .
2) I f  i - j  > 1 , th e  s i g n a l  i s  f a l l i n g .  The lo g ic  v a lu e
i - 1  i s  r e f l e c t e d  a t  t 2 » L ogic  l e v e l s  i - 2 ,  i - 3 , . . . , j
a r e  o b se rv e d  r e s p e c t i v e l y  a t  t 2 + t 2 + 2A j . , . . . , t 2
+ nAp, w here n = ( i - j )  -  1 .
3) I f  j - i  > 1 , th e  s ig n a l  i s  r i s i n g .  The lo g ic  v a lu e  i+1  i s
r e f l e c t e d  a t  t im e  t 2 * L og ic  l e v e l s  i+ 2 , i + 3 , . . . , j  a re  
o b se rv e d  r e s p e c t i v e l y  a t  t ,  +  A^, t 2 + 2A p , . . . , t 2 + nA^, 
w here n = ( j - i )  -  1 .
The fo re g o in g  p ro c e d u re  th u s  a llo w s  th e  f i r s t  a d ja c e n t  lo g ic  
v a lu e  t o  b e  o b se rv e d  im m e d ia te ly  fo llo w in g  th e  g a te  t r a n s p o r t  d e la y . 
Succeed ing  l o g i c  t r a n s i t i o n s ,  i f  an y , a r e  d e la y e d  by th e  r i s e  o r  f a l l  
tim e  d e la y . Now, w ith  some l o s s  o f  g e n e r a l i t y ,  i t  i s  assumed t h a t  
A^ = Ap f o r  a l l  s ig n a l s  r e g a r d l e s s  o f  s o u rc e .
T a b le  3 .1  b r i e f l y  sum m arizes th e  g a te  and s ig n a l  d e la y  assum p­
t i o n s  made f o r  p u rp o se s  o f  t h i s  t h e s i s .  These o p e ra t in g  c o n d it io n s  
p la c e  a s  few r e s t r i c t i o n s  a s  p o s s ib l e  on p h y s ic a l  d e v ic e s  so t h a t  c i r ­
c u i t s ,  w h ich  m ig h t b e  im p lem en ted  i n  th e  f u tu r e  by any of s e v e r a l  
m e th o d s , can  be  s tu d ie d  p r i o r  to  a c tu a l  c o n s t r u c t io n .  In  p a r t i c u l a r ,  i t  
i s  f e l t  t h a t  th e  d i s c r e t e  r i s e / f a l l  tim e  assu m p tio n  i s  a v a l i d  a p p ro x i­
m a tio n  f o r  th e  s tu d y  o f  c i r c u i t  b e h a v io r .  T h is i s  e s p e c i a l l y  t r u e  when
a  u n i t  tim e  c i r c u i t  s im u la to r  i s  u s e d , w h ere in  th e  d e s ig n e r  can  s p e c i f y
th e  v a r io u s  g a te  d e la y  t im e s .  The r i s e / f a l l  tim e  can  th u s  be s c a le d  
r e l a t i v e  to  th e  t r a n s p o r t  d e la y s  a s  n e c e s s a ry  to  more a c c u r a te ly  r e f l e c t  
a c tu a l  c i r c u i t  o p e r a t io n .
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T a b le  3 .1 .  G a te  and S ig n a l  A ssum ptions 
CHARACTERISTIC ASSUMPTION REMARKS
1 . S ig n a l T r a n s i t io n
2 . T ra n s p o r t  D elay
3 . I n e r t i a l  D elay
4 . R i s e /F a l l  D elay
L in e a r ly  O rdered
> 0
-  Ap > 0
D efin ed  f o r  e ach  g a te  i n  th e  
c i r c u i t ;  c o n s ta n t ,  i . e . ,  
non -am b ig u o u s.
G a tes  r e a c t  to  a l l  l o g ic  
l e v e l s .
C o n s ta n t th ro u g h o u t th e  c i r c u i t .
T h e o r e t ic a l  C oncep ts
C o n s id e r  an  r - v a lu e d  lo g ic  sy s tem  and l e t  r  = 2™, m > 2 . U sing  
su ch  a m u l t ip le - v a lu e d  sy s te m , p re v io u s  r e s e a r c h  h as  fo c u se d  on th e  
d e s ig n  o f d i g i t a l  sy s tem s t h a t  o p e ra te  i n  th e  n a t u r a l  r a d i x  o f  th e  g iv e n  
lo g ic  sy s tem . I n  c o n t r a s t ,  i t  i s  su g g e s te d  h e re  t h a t  th e  r -v a lu e d  lo g ic  
sy s tem , w ith  r  = 2®, can  s im u l ta n e o u s ly  s u p p o r t  m b in a r y  sy s tem s and , 
h e n c e , m b in a r y  d i g i t a l  m ac h in es . Thus, f o r  m = 2, two b in a r y  system s 
s im u lta n e o u s ly  e x i s t  i n  th e  f o u r - v a lu e d  l o g i c .  " S im u lta n e o u s ly "  im p lie s  
t h a t  th e  f o u r - v a lu e d  o r  q u a te r n a r y  lo g ic  l e v e l  s ig n a l s  and memory con­
t e n t s  r e p r e s e n t  th e  in fo r m a t io n  flo w  and i n t e r n a l  s t a t e  o f  two 
in d e p e n d e n t b in a r y  m ach in es . S in c e  th e  in fo rm a tio n  f o r  th e  m ach ines i s  
m u lt ip le x e d  v i a  th e  lo g ic  l e v e l s  and s in c e  th e  memory e le m e n ts  s im u l ta ­
n e o u s ly  s t o r e  th e  s t a t e  o f b o th  m ac h in es , th e  sy stem  i s  term ed  a s t a t e  
i n te g r a t e d  and m u lt ip le x e d  d i g i t a l  sy s te m .
I t  i s  p o s s ib l e  to  g e n e r a l i z e  th e s e  c o n c e p ts  to  h ig h e r  lo g ic  
l e v e l s  and r a d i i .  I n  g e n e r a l ,  f o r  r  = q™, we can  s p e c u la te  t h a t  th e r e  
e x i s t  m low er r a d ix  m ach in es , each  h a v in g  a r a d ix  q . U t i l i z i n g  th e  
m odeling  o f  lo w er r a d i x  lo g ic  i n  a  h ig h e r  r a d ix  lo g ic  [3 3 ] ,  even more
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g e n e ra l  s ta te m e n ts  a r e  p o s s ib l e ,  b u t  due  to  th e  c o m p lic a t io n s  in tro d u c e d  
by t h i s  e x te n s io n ,  o u r  a t t e n t i o n  i s  r e s t r i c t e d  to  r a d i x  q sy s te m s , 
r  = q™, and in  p a r t i c u l a r  r  = 2™. T a b le  3 .2  d e p ic t s  s e v e r a l  m u l t ip le ­
v a lu e d  lo g ic  sy s te m s  and th e  c o r re s p o n d in g  r a d ix  q sy s te m s  s u p p o rte d  by 
ea c h .
T a b le  3 .2 .  S t a te  I n t e g r a t e d  and M u ltip le x e d  
L o g ic  System  A rran g em en ts





























As s t a t e d  ab o v e , th e  p a r t i c u l a r  sy stem s o f  c o n c e rn  p o s s e s s  a 
m u l t ip le - v a lu e d  r a d ix  w ith  r  = 2™. The a lg e b r a s  o f  i n t e r e s t  a r e  th e  2™- 
v a lu e d  B oolean  B2XB2X. ..x B g  and B2iti s y s te m s . From an  im p le m e n ta tio n  
v ie w p o in t  i t  i s  acknow ledged t h a t  th e  P o s t  a lg e b r a s  m ust a ls o  be  con­
s id e r e d  s in c e  th e  s p e c i f i c a t i o n  o f  m u l t ip le - v a lu e d  AND, OR and COMPLEMENT 
g a te s  i s  p o s s ib l e  in  th e  f u n c t i o n a l ly  c o m p le te  P o s t s y s te m s . Thus, th e  
P o s t a lg e b r a s  can  p ro v id e  th e  b u i ld in g  b lo c k s  fo r  th e  o th e r  m u l t ip le ­
v a lu e d  B oolean  sy s te m s . F o u r-v a lu e d  B o o lean  AND and OR g a te  r e a l i ­
z a t i o n s ,  w hich have  a b a s i s  in  th e  P o s t  a lg e b r a  o p e r a t io n s ,  a r e  p re s e n te d  
l a t e r  i n  t h i s  c h a p te r .
To e x p lo re  th e  l o g i c a l  s t r u c t u r e  and lo g ic  c i r c u i t  b e h a v io r  o f  
th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  d i g i t a l  sy s tem  r e q u i r e s  th e  p r o p e r t i e s
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o f  th e  h ig h e r  o rd e re d  B oolean  a lg e b r a s  w henever b in a r y  su b -m ach in es  
a r e  assum ed. In  th e  fo llo w in g  d i s c u s s io n  f o u r - v a lu e d  s y s te m s , r  = 2^, 
a r e  u sed  w ith o u t  s i g n i f i c a n t  l o s s  o f  g e n e r a l i t y .  T h is  c a s e  i s  em phasized  
s in c e  i t  c l e a r l y  e x e m p lif ie s  and s u p p o r ts  th e  s t a t e  i n t e g r a t e d  and 
m u lt ip le x e d  p r o p e r ty ,  and i t  w ould l i k e l y  be  th e  f i r s t  r a d i x  ch o sen  f o r  
im p le m e n ta tio n . E x te n s io n  o f  th e  c o n c e p ts  to  l a r g e r  v a lu e s  o f  m i s  
p o s s ib le  and f a i r l y  s t r a ig h t f o r w a r d .
The B_̂  B oolean  sy stem  i s  an o rd e re d  s e t ,  S(B^) = { 0 ,1 ,2 ,3 } ,  on 
w hich th e  c lo s e d  o p e ra t io n s  AND (x) and OR (+) a r e  d e f in e d .  The fo llo w ­
in g  p o s tu l a t e s  h o ld  f o r  B^:
P I  The o p e ra t io n s  x and 4-  a r e  com m uta tive ; t h a t  i s ,  
f o r  each  p a i r  o f  e le m e n ts  a  and b i n  S (B ^ ), 
a + b = b +  a 
and a X b = b X a .
P2 Each o p e ra t io n  x and + i s  d i s t r i b u t i v e  o v e r  th e  
o t h e r ;  t h a t  i s ,  f o r  any th r e e  e le m e n ts  a ,  b ,  and 
c i n  S (B ^),
a + (b X c) = (a  + b) X (a 4-  c)
a x  (b 4-  c) = (a  X b) 4 -  (a X c ) .
P3 T h e re  e x i s t  i n  S(B^) d i s t i n c t  i d e n t i t y  e le m e n ts ,
d e n o te d  h e re  a s  0 and 3 , r e l a t i v e  to  th e  o p e r a t io n s  
4-  and X ,  r e s p e c t i v e ly ;  t h a t  i s ,  f o r  e v e ry  e le m en t b in  
S (B ^ ),
0 4 - b  = b 4 - 0  = b
3 x b  = b x 3  = b .
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P4 F o r e v e ry  e lem en t b in  S(B^) t h e r e  e x i s t s  an  
e le m e n t*  b ' i n  S(B^) su ch  t h a t  
b + b '  = 3
b X b '  = 0
w h ere  0 and 3 a r e  th e  i n d e n t i t y  e le m e n ts  o f  
P o s t u l a t e  3.
The id e m p o te n t, a s s o c i a t i v e ,  a b s o r b t iv e ,  and in v o lu t io n  p r o p e r ­
t i e s  h o ld  f o r  B^ [2 3 ] ,  T hese  a r e  sum m arized b e low :
Id e m p o te n t:  a  x  a = a ; a  +  a  = a
A s s o c ia t iv e :  a x  (b x a) = (a  x  b) x a  ; a  +  (b +  a )  = (a  + b) +  a
A b s o rp tio n ;  a  x  (a + b) = a  ; a +  (a x  b) = a
I n v o lu t io n :  ( a ' ) '  = a
D eM organ 's Theorem a l s o  h o ld s  f o r  B^ [23] a n d , f o r  e ach  p a i r  o f  
e le m e n ts ,  a  and  b ,  i n  S (B ^ ), can  be  s t a t e d  a l g e b r a i c a l l y  a s
(a X b ) ' = a '  +  b '
(a  + b ) ' = a '  X b ' .
A n o th e r  im p o r ta n t  r e s u l t  i s  t h a t  th e  i d e n t i t y  e le m e n ts  o f  B^, 0 and 3 , 
a r e  com plem ents o f  e ach  o t h e r .  The p ro o f  i s  th e  same a s  f o r  B2 [3 6 ] .
A se co n d  fo u r -v a lu e d  B oolean  a lg e b r a  i s  th e  B2XB2 sy stem  form ed 
by t h e  C a r te s i a n  p ro d u c t (x) o f  two b in a r y  B oo lean  a lg e b r a s .  The e l e ­
m ents o f  B2XB2 a r e  th e  s e t  S(B2xB2 ) = { 0 0 ,0 1 ,1 0 ,1 1 } .  The u n iv e r s a l  
e le m e n ts  o f  t h i s  system  a r e  th e  a d d i t i v e  i d e n t i t y  (0 0 ) and th e  m u l t i p l i ­
c a t i v e  i d e n t i t y  (11) . The isom orph ism  o f  B^ w i th  B2XB2 i s  g iv en  w ith  
th e  f o l lo w in g  th eo rem .
*The p rim e  ( ' )  and  b a r  ( - )  sym bols w i l l  be used  in te r c h a n g e a b ly  
to  d e n o te  c o m p lem en ta tio n .
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Theorem  3 .1 .  A l l  f o u r - v a lu e d  B oolean a lg e b r a s  a r e  iso m o rp h ic .
P ro o f :  L e t  C and D be g e n e ra l iz e d  f o u r - v a lu e d  B o o lean  a lg e b r a s .
To c o n s t r u c t  t h e  e le m e n ts  o f  C, f i r s t  n o te  t h a t  C m ust c o n ta in  two 
d i s t i n c t  u n i v e r s a l  e le m e n ts . C a l l  th e s e  0^ and 1 ^ . L e t c e S(C) ^  0 ^ , 
1 ^ . The com plem ent o f  c ,  w r i t t e n  c ' ,  m ust a l s o  be  an  e le m e n t o f  C. To 
show c ' i s  a n o th e r  d i s t i n c t  e le m e n t, c o n s id e r  th e  f o l lo w in g .  I f  c ’ =
Og, th e n  c = ( c ' ) '  = 0^ = 1 ^ , w hich i s  a  c o n t r a d i c t i o n .  I f  c ’ = 1 ^ , 
th e n  c = ( c * ) ' = 1 '  = 0 , a l s o  a c o n t r a d ic t io n .  I f  c ’ = c ,  th e n  th e
p r o p e r ty  c + c '  = 1  im p l ie s  t h a t  c + c = 1 „ . F o r t h i s  t o  b e  t r u e  c =
c ^
I g .  T h e r e f o r e ,  c ^ c '  and c ' i s  th e  f o u r th  e le m en t o f C. The e lem en ts  
o f  C a r e  th u s  e s t a b l i s h e d ,  and S(C) = {Oq ,1 ^ ,,c , c ’ } . In  a  s im i l a r  m anner 
th e  fo u r - v a lu e d  B oo lean  sy s te m  D can  b e  c o n s tr u c te d  w ith  S(D) = { 0 ^ ,1 ^ , 
d , d ' }.
C o n s id e r  th e  m apping 0: C D, w here 
0(Oc) -  0„
0 d c )  ■
0 (c )  = d 
0 ( c ' )  = d ' .
The m apping i s  o b v io u s ly  o n e -o n e  and o n to . For e le m e n ts  w ,x  c C and 
y ,z  e D, such  t h a t  0(w) = y and 0 (x ) = z ,
0(w 4- x) = 0(w) + 0 (x ) (1)
and 0(w x x) = 0(w) x 0 (x ) . (2)
E q u a tio n  (1) h o ld s  by n o t in g  t h a t
Oç + X = X Og + z = z
I c  +  *  = Ic  + = = Ip
and x + x ' = l „  z + z ' = l ,L» D
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E q u a tio n  (2) h o ld s  by s im i la r  a rgum en t,
°c  * “ c °D X = '  °D
l _ x x  = x l x z  = zC D
x x x ' = 0„ z x z ’ = 0
C D
T hus, 0 i s  a m apping and th e  isom orph ism  i s  e s t a b l i s h e d .  QED
T h is  theo rem  a llo w s  th e  s ta te m e n t  t h a t  BgXBg i s  iso m o rp h ic  to 
T a b le  3 .3  sum m arizes b o th  sy stem s and t h e i r  r e s p e c t i v e  e le m e n ts . 
B ecause o f  th e  e s ta b l i s h e d  e q u iv a le n c e  b e tw een  B^ and BgXB?, th e  u se  o r  
r e f e r r a l  to  one sy s tem  o r  th e  o th e r  i s  s im p ly  a  m a t te r  o f  c o n v e n ie n c e  i n  
n o t a t i o n .  F o r exam ple, when d e n o tin g  s ig n a l  v a lu e s  and l o g i c  t r u t h
t a b l e s ,  S(B^) = { 0 ,1 ,2 ,3 }  i s  p o s s ib ly  m ore c o n v e n ie n t,  b u t  when d is c u s s in g
o r  v i s u a l i z i n g  th e  s t a t e  in te g r a t e d  and m u lt ip le x in g  c o n c e p t f o r  a c tu a l  
v a r i a b l e s ,  th e  n o t a t io n  u s in g  SCBgxB^) = {0 0 , 0 1 , 1 0 , 1 1 } i s  m ore m ea n in g fu l.
T a b le  3 .3 .  B^ and B^xBg E lem ent Summary 
B^ E lem en t BqxBq Elem ent B^ Complement B^xB  ̂ Complement
0 00 3 11
1 01 2 10
2 10 1 01
3 11 0 11
For w ork t h a t  a p p e a rs  in  l a t e r  c h a p te r s ,  i t  w i l l  b e  n e c e s sa ry  
to  b r i e f l y  p r e s e n t  some p r o p e r t i e s  o f  th e  P o s t  a lg e b r a s .  Of p a r t i c u l a r  
c o n c e rn  a r e  th e  p o s tu l a te s  and theo rem s t h a t  e n a b le  a lg e b r a i c  m an ipu la­
t i o n  o f  s w itc h in g  f u n c t io n s .  R a th e r  th a n  s t a t e  th e s e  f o r m a l ly ,  we w i l l  
s im p ly  n o te  t h a t  th e  a lg e b ra  w ith  e le m e n ts  S(P^) = { 0 ,1 ,2 ,3 }  and 
o p e r a t io n s  MIN, MAX, CYCLE and s tro n g  n e g a t io n  have th e  fo l lo w in g  p ro p e r­
t i e s  f o r  g e n e ra l  e lem en ts  x , y ,  and z [3 4 ] :
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C om m utative: x A y = y A x ; x V y = y V x
A s s o c ia t iv e :  x  a  ( y  a  z) = ( x  a  y )  a  z ; x  v ( y  v z ) = ( x  v y )  v z
D i s t r i b u t i v e :  x  v (y  a z) = (x v y) a (x V z) ;
X A ( y  V z) = ( x  A y )  V ( x  A z)
Id e m p o te n t:  x a x = x ; x V x = x
A b s o rp tio n : x  a  (x  v  y )  =  x  ;  x  v ( x  a  y )  = x
I n v o lu t io n :  ( x ' ) ’ = x
U n iv e r s a l
E le m e n ts : x v Q = x ; x a 3 = x
In  a d d i t i o n ,  D eM organ 's Theorem h o ld s  f o r  [34] and can  be s t a t e d  a s :
( x  A y ) '  =  x '  V y '
( x  V y ) '  =  x '  A y '  .
N ote  t h a t
X A x '  = 0
and X V x '  = 3
do n o t h o ld  f o r  th e  a lg e b r a .
T h roughou t th e  re m a in d e r  o f  t h i s  t h e s i s  B2XB2 i s  th e  p r im a ry  
a lg e b r a  em ployed f o r  s p e c i f i c  c i r c u i t  ex am p les , even th o u g h  e le m e n ts  
may be c i t e d .  T h is  sh o u ld  n o t  c a u se  undue c o n fu s io n  i f  t h e  e q u iv a le n c e  
o f  th e  two sy s te m s  i s  k e p t  in  m ind . To f u r t h e r  a id  th e  d i s c u s s io n ,  by 
l o g i c a l l y  s e p a r a t i n g  th e  su b -m ach in es  i n  th e  fo u r -v a lu e d  s t a t e  i n t e g r a ­
te d  and m u lt ip le x e d  c i r c u i t s ,  th e  n o t a t io n  o f a  l e f t  m ac h in e , and 
a r i g h t  m ac h in e , M^, i s  u t i l i z e d .  The s u p e r s c r i p t s ,  L and R, im p ly  l e f t  
and r i g h t ,  r e s p e c t i v e l y .  The s u b s c r ip t  2 r e f e r s  to  th e  r a d i x - 2  o r  
b in a r y  sy s te m . C o n s id e r in g  th e  S(B2xB2 ) = { 0 0 , 0 1 , 1 0 , 1 1 } ,  th e  e le m e n ts  
a r e  re g a rd e d  a s  o rd e re d  2 - tu p l e s  ( a ^ a ^ ) .  The a ^  and a^ p a r t s  r e p r e s e n t
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t h e  b in a r y  lo g ic  v a lu e  o f  and r e s p e c t i v e l y .  T hus, (a ^ S j)  = (10) 
m eans t h a t  th e  l o g ic  v a lu e  o f  Mg i s  1 ,  w h ile  t h a t  o f Mg i s  0 . The 
c o rre s p o n d in g  lo g ic  v a lu e  n o ta t io n  i n  i s  2 b u t ,  o f  c o u r s e ,  h a s  
p r e c i s e l y  th e  same im p l ic a t i o n  f o r  M^ and M|,
By a  m ach ine  M® i s  m eant a  d e t e r m i n i s t i c ,  f i n i t e - s t a t e ,  sequen ­
t i a l  m ach ine  o f  th e  M ealy o r  Moore ty p e  hav in g  a s e t  o f  in p u ts  I ,  a s e t  
o f  i n t e r n a l  s t a t e s  S , and a  s e t  o f o u tp u ts  Z. When two m ach in es  o f  th e  
same r a d i x ,  M^ and M^, a r e  s p e c i f ie d  th e  s e t  o f  s t a t e s  o f  M^ a r e  d e s ig ­
n a te d  by  {s9} and th e  s e t  o f  s t a t e s  o f  M  ̂ by { s f } .  U sing th e  l e f t  and 
r i g h t  d e s ig n a t io n s  f o r  a  and 0 and r e s t r i c t i n g  th e  r a d ix  to  th e  b in a r y  
c a s e ,  th e  s e t  o f s t a t e s  f o r  Mg and Mg become {S^} and {S ^^ , r e s p e c t i v e ly .
The c o n s t r u c t i o n  o f  th e  p ro d u c t m achine form ed by com bin ing  two 
b in a r y  m ach in es  i s  MgxM^ and fo llo w s  c lo s e ly  t h e  d e f i n i t i o n  o f  th e  
g e n e r a l  c o m p o site  m ach ine g iv e n  by Sm ith  and K ohav i [3 5 ] . However, in  
th e  d i s c u s s io n  be low , th e  c o n c e p t i s  g e n e ra l iz e d  f u r t h e r  by m aking th e  
in p u ts  to  e a c h  l o g i c a l  m ach ine  in d e p e n d e n t of th e  o th e r  m ac h in e , th u s  
r e s u l t i n g  i n  a  t o t a l  c o m p o s ite  m ach ine.
D e f in i t i o n  3 .1 .  W ith r e s p e c t  to  two m ach in es  Mg and M^ h a v in g  
s e t s  o f  s t a t e s  {S^} and {S?} , r e s p e c t i v e l y ,  a t o t a l  c o m p o s ite  m ach ine  
(TCM) i s  t h a t  m ach ine  w h ich  c o n ta in s  th e  s e t  o f  s t a t e s  { S ^ S ^ }  = { S ^ j} , 
w here  (x ) d e n o te s  th e  C a r te s i a n  p ro d u c t and i s  th e  new sym bol f o r  
th e  s t a t e  o f  th e  TCM w hich  c o rre s p o n d s  to  s |  i n  Mg and ( s im u lta n e o u s ly )
to  S?’ i n  M^. I f  and Z^ a r e  th e  o u tp u ts  p ro d u ce d  by th e  in p u ts  
] 2 ip  3 q
I  and I  when M  ̂ and M^, r e s p e c t i v e l y ,  a r e  in  s t a t e s  and S ? , th e n  p q z z 1 J
th e  c o rre s p o n d in g  o u tp u t  o f  th e  TCM i s  d e s ig n a te d  by “  ^ i j p q '
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In  th e  c a s e  o f a  M oore m ach in e , th e  o u tp u ts  a r e  in d e p e n d e n t o f 1^ and
I  ; t h u s ,  th e  o u tp u ts  o f  M^, M?, and th e  TCM become s im p ly  Z^, Z^, and 
H ^  ^  1 3
Z ^ j, r e s p e c t i v e l y .
I f  th e  n e x t - s t a t e  v a lu e s  o f  M  ̂ and a r e  r e l a t e d  to  th e  
p r e s e n t - s t a t e  v a lu e s  and in p u t  v a lu e s  by th e  e x p re s s io n s
Slip " =1 * Sp.
th e n  th e  n e x t  s t a t e  v a lu e  o f  th e  TCM i s  r e l a t e d  to  i t s  p r e s e n t - s t a t e  
v a lu e  and in p u t  by  th e  c o rre s p o n d in g  e x p re s s io n .
Thus, th e  s t a t e  t a b l e  f o r  a  TCM c an  be c o n s tr u c te d  from  th e  s t a t e  t a b l e s  
o f M2 and M^.
F ig u re  3 .3  shows a  s t a t e  t a b l e  f o r  a b in a r y  asy n ch ro n o u s m ach ine, 
M2 * B oth  th e  n e x t - s t a t e  and o u tp u t  s u b ta b le s  a r e  g iv e n .  C irc le d  e n t r i e s  
in  th e  t a b l e  i n d i c a t e  s t a b l e  m ach ine  s t a t e s .  L e t t i n g  M? = M  ̂ = M2 , 
th e  TCM i s  form ed by M^xM^* F or M2 h av in g  s s t a t e s  ( i n  t h i s  c a se  s =
3 ) , M^xM^ h a s  s^  = 9 s t a t e s .  The n e x t - s t a t e  t a b l e  f o r  th e  TCM i s  g iv en  
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F ig u re  3 .4 .  TCM S t a t e  T ab le
B e fo re  f u r t h e r  deve lopm en t o f TCM p r o p e r t i e s ,  th e  c o n c ep ts  o f 
s t a t e  and m achine e q u iv a le n c e  a r e  r e q u i r e d .  Lee [23] d e f in e s  th e s e  as  
fo llo w s ;
D e f in i t io n  4 .2 .  L e t S . and S. b e  two s t a t e s  o f  m achines Mo and
  1 3  2
Mg (Mg and Mg may be th e  same m a c h in e ) . S^ and Sj a r e  s a id  to  be
e q u iv a le n t  i f  f o r  any sequence  o f  in p u t  sym bols a p p l ie d  to  them , th e
o u tp u t  seq u en ces  a r e  i d e n t i c a l .  I f  8^ and S^ a r e  n o t  e q u iv a le n t ,  we say  
th ey  a r e  d i s t i n g u i s h a b l e .
D e f in i t io n  4 .3 .  L e t and M® b e  two m a c h in e s . Mg and Mg a re
s a id  to  be  e q u iv a le n t  i f  f o r  e v e ry  s t a t e  o f Mg t h e r e  e x i s t s  a t  l e a s t  one 
e q u iv a le n t  s t a t e  in  M  ̂ and v i s a  v e r s a .  I f  M  ̂ and M̂  a r e  n o t  e q u iv a le n t ,  
we say  t h a t  th e y  a r e  d i s t i n g u i s h a b l e .
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The fo llo w in g  theorem  f o r  th e  TCM, w hich  i s  based  on a  s im i la r  
theo rem  in  [3 5 ] , can now b e  p ro v e n .
Theorem 3 .2 . I f  and M  ̂ h a v in g  s e t s  o f  s t a t e s  {S^} and 
{ S j} , r e s p e c t i v e l y ,  a r e  red u ced  m ac h in es , th e n  th e  TCM h a v in g  th e  s e t  o f 
s t a t e s  {ELj} i s  a  reduced  m ach ine.
P r o o f :  L et th e  n e x t - s t a t e  v a lu e s  o f  M  ̂ and M^, r e s p e c t i v e ly ,
be  r e l a t e d  to  th e  p r e s e n t - s t a t e  v a lu e s  and to  th e  in p u t  by th e  e x p re s s ­
io n s :
S^I -> S 
1 P
S^I ^  S
,L s " i -> S ^
r j  q t
L S^I . S ^
u n q V
f o r th e  TCM a r e  i
S . . I  S S I  - ^S1] pq r t  mn pq uv
S . . i s  e q u iv a le n t  to  S i f  and o n ly  i f  Z . .  i s  i d e n t i c a l  to  Z„„__ f o r  i j  ^ mn ■' i jp q  mnpq
L R
e v e ry  p and q , and l ik e w is e  f o r  and But Z^^^^ = Z^^ Z j^  and
= Z !̂_ . Also S ^ and S = S^. The e q u iv a le n c e  o fnq r t  r  t  uv u v ^
and im p l ie s  th e  e q u iv a le n c e  and . However,
s in c e  t h e  o r i g i n a l  m ach ines M  ̂ and M^ a re  in  red u ced  form , and
R Rc an n o t b e  e q u iv a le n t ,  and c a n n o t be  e q u iv a le n t  to  . T h e re fo re ,
S r t  i s  n o t  e q u iv a le n t  to  . A s p e c i a l  c a se  o c c u rs  i f  f o r  e v e ry  p
and q
s H  -i- S^ S^I
1 P r ] q t
S^ s%m p r n q t
Then S . . I  ->■ S and S I  S . S ince  S^ and S^ a r e  n o t e q u iv a -  i j  pq r t  mn pq r t  i  m ^
l e n t ,  Z^ 4 - , and s im i l a r l y  Z^ 4  s in c e  S^ i s  known n o t  to  bei p  mp J q nq j
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e q u iv a le n t  to  . T h is  im p l ie s  Z . .  ^ Z ; h en ce  S . .  f  S . QEDn i ] p q  mnpq ’ i j  mn ^
From t h i s  th eo rem  we g a in  th e  i n s i g h t  t h a t  th e  TCM i s  re d u c e d  
and f u r t h e r  w ork tow ard  i t s  r e d u c t io n  i s  n o t  r e q u i r e d .  T ha t i s ,  f o r  a 
TCM composed o f  two i d e n t i c a l  b in a r y  m a c h in e s , th e  TCM i s  a  red u ced  
m achine i f  th e  b in a r y  m ach in e  i s  f i r s t  r e d u c e d . The r e d u c t io n  p ro c e s s  
i s  much e a s i e r  i f  i t  i s  p e rfo rm ed  on th e  b in a r y  m achine r a t h e r  th a n  th e  
TCM s in c e  th e  TCM h as  many m ore s t a t e s .
I t  sh o u ld  be  c l e a r  a t  t h i s  p o in t  t h a t  a  TCM i s  e x a c t ly  a  s t a t e  
in te g r a te d  and m u lt ip le x e d  m ac h in e . The r e a l i z a t i o n  o f  such  a  m ach ine 
in  th e  form  o f  a  m u l t ip le - v a lu e d  s e q u e n t i a l  c i r c u i t  i s  th e  to p ic  o f  a 
su b seq u e n t c h a p te r .
L og ic  C i r c u i t  A n a ly s is  U sin g  S im u la tio n
L og ic  s im u la t io n  i s  t h e  p ro c e s s  o f  f o rm u la t in g  a  m odel o f  a 
lo g ic  c i r c u i t  and e x e r c i s in g  th e  m odel f o r  p u rp o se s  o f s ig n a l  e v a lu a t io n  
a s  a  f u n c t io n  o f  tim e  and some s e t  o f  a p p l ie d  i n p u t s .  Two a p p l i c a t i o n s  
a r e  t y p i c a l l y  made o f  l o g i c  s im u la to r s .  The f i r s t  i s  th e  e v a lu a t io n  o f  
a new c i r c u i t  d e s ig n  f o r  l o g i c a l  c o r r e c tn e s s ,  t im in g ,  s ig n a l  c h a r a c te r ­
i s t i c s ,  and p o s s ib ly  r a c e  and h a z a rd  c o n d i t io n s .  The second a p p l i c a t i o n  
i s  fo r  th e  e v a lu a t io n  o f  f a u l t  c o n d i t io n s .  F a u l t  s im u la t io n  i s  im p o r ta n t  
f o r  th e  g e n e r a t io n  o f  c i r c u i t  t e s t s  and th e  d e te r m in a t io n  o f  c i r c u i t  
o p e ra t io n  u n d e r  th e  p re s e n c e  o f  f a u l t  c o n d i t io n s .
T h is  s e c t i o n  i s  c o n c e rn e d  w ith  t h e  f o rm u la t io n  and d e s c r i p t i o n  
o f  a  fo u r - v a lu e d  ( q u a te rn a r y )  l o g ic  s im u la to r .  Such a s im u la to r ,  term ed  
QLOSIM and o p e r a t in g  i n  a  t im e s h a r in g  e n v iro n m e n t, h a s  been  c o n s tr u c te d  
u s in g  th e  FORTRAN la n g u a g e . The s im u la to r  i s  c o n s id e re d  to  b e  s a t i s ­
f a c to r y  f o r  u s e  i n  e v a lu a t in g  f o u r - v a lu e d  c i r c u i t  d e s ig n s  b ased  on th e
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a ssu m p tio n s  p r e s e n te d  i n  p re v io u s  s e c t i o n s .  No f a u l t  s im u la t io n  capa­
b i l i t y  i s  p ro v id e d , a l th o u g h  t h i s  i s  a  l o g i c a l  e x te n s io n  to  th e  work 
p r e s e n te d  h e r e .  To su p p lem en t th e  fo rm a l s im u la to r  d e s c r ip t i o n  c o n ta in e d  
in  t h i s  s e c t i o n ,  an a p p e n d ix  i s  p ro v id e d  to  a s s i s t  a  u s e r  in  th e  a c tu a l  
e x e c u t io n  o f  th e  s o f tw a r e .  Much o f  th e  f o l lo w in g  d i s c u s s io n  i s  b ased  on 
m a te r i a l  found i n  [2 4 ] .
L og ic  c i r c u i t  s im u la to r s  a r e  g e n e r a l ly  c l a s s i f i e d  a s  d e te rm in ­
i s t i c  [31] s in c e  f o r  a g iv e n  in p u t  c o n d i t io n  th e  o u tp u t  i s  u n iq u e ly  
d e te rm in e d . The two p r im a ry  ty p e s  o f  l o g ic  s im u l a t o r s ,  i . e . ,  g a t e - l e v e l  
and f u n c t i o n a l ,  a r e  b o th  c o n s id e re d  d e t e r m i n i s t i c .  B oth  ty p e s  g e n e r a l ly  
h a n d le  o n ly  p r e c i s e l y  d e f in e d  l o g i c  f u n c t io n s ,  g a t e s ,  o r  f u n c t io n a l  
" b la c k -b o x "  c i r c u i t s .  A g a t e - l e v e l  s im u la to r  o f t e n  p la c e s  th e  d e s ig n e r  
c lo s e r  to  th e  a c tu a l  c i r c u i t  im p le m e n ta tio n  th a n  d o e s  a  f u n c t io n a l  
s im u la to r .  G a te - l e v e l  s im u la t io n  r e q u i r e s  th e  a c t u a l  s p e c i f i c a t i o n  of 
th e  l o g i c  g a te s  a s  w e l l  a s  th e  to p o lo g y  o f  th e  c i r c u i t  b e in g  s im u la te d . 
W ith t h i s  a p p ro a c h  a c r i t i c a l  e v a lu a t io n  o f  c i r c u i t  b e h a v io r  can  be 
made. B ecau se  o f  th e s e  q u a l i t i e s  t h e  g a t e - l e v e l  s im u la to r  was ch o sen  
f o r  im p le m e n ta tio n  and  i s  b e l ie v e d  to  be a d e q u a te  f o r  s u p p o rtin g  and 
d e m o n s tra t in g  th e  c o n c e p ts  o f  s t a t e  i n te g r a t e d  and m u lt ip le x e d  d i g i t a l  
s y s te m s . F u r th e r ,  i t  i s  a n t i c i p a t e d  t h a t  th e  f o u r - v a lu e d  s im u la to r  
p re s e n te d  h e re  w i l l  s a t i s f y  n o t o n ly  th e  im m ed ia te  n e e d s  o f t h i s  t h e s i s ,  
b u t w i l l  b e  g e n e r a l  enough to  s u p p o r t  o th e r  r e s e a r c h  e f f o r t s  in  m u l t ip l e ­
v a lu e d  l o g i c .
The in p u t  in fo r m a t io n  f o r  th e  QLOSIM l o g i c  s im u la to r  c o n s i s t s
o f :
1 .  D e s c r ip t io n  o f  th e  c i r c u i t  to  be  s im u la te d .
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2 . C i r c u i t  in p u t  v a lu e s  s p e c i f i e d  w ith  t im in g  in fo rm a t io n .
3 . I n i t i a l  v a lu e  o f  c i r c u i t  in p u ts  and fe e d b a c k  l i n e s .
4 . S ig n a ls  to  b e  m o n ito re d  and r e p o r t e d .
E ase o f  d a ta  e n tr y  f o r  th e s e  p a ra m e te rs  i s  an  im p o r ta n t  c o n s id e r a t io n .  
S e l e c t io n  o f  a t im e s h a r in g  en v ironm en t and FORTRAN l i s t  d i r e c te d  I/O  was 
f e l t  to  b e  a  v e r s a t i l e  m ethod f o r  in p u t  and c o n t r o l  o f  th e  lo g ic  sim u­
l a t o r .  The DECSystem-10* com puter was ch o sen  a s  th e  h o s t  m ach ine.
To enhance  th e  u n i v e r s a l i t y  o f  th e  s im u la to r  f o r  m u l t ip le ­
v a lu e d  l o g i c ,  a  r i c h  s e t  o f  f o u r -v a lu e d  f u n c t io n s  a r e  c o n ta in e d  i n  th e  
s im u la to r .  A l l  o f  t h e s e  f u n c t io n s  have  been  p ro p o se d  i n  th e  l i t e r a t u r e  
[ 4 ,1 0 ,1 1 ,2 1 ] .  N on-unary  f u n c t io n  g a te s  can  c o n ta in  tw o , t h r e e ,  o r  fo u r  
i n p u t s .  A l l  g a te s  c o n ta in  one o u tp u t ,  and O R -tied  o u tp u ts  a r e  n o t 
s u p p o r te d .  F a n - in  and f a n - o u t  c o n s t r a in t s  a r e  ig n o re d .
I n  a d d i t io n  to  th e  f u n c t io n s  d e s c r ib e d  in  th e  p re v io u s  c h a p te r ,  
th e  s t r o n g l y  n e g a te d  o r  com plem ented f u n c t io n s  f o r  th e  MIN, MAX, AND, 
and OR a r e  in c lu d e d  in  th e  s im u la to r .  T hese a r e  commonly ^ v r i t te n  as
MIN, MAX, NAND and NOR. The g e n e ra l iz e d  form  o f  th e  LITERAL o r  window
f u n c t io n  i s  su p p o rte d  and i s  d e f in e d  a s :
f 0 i f  X. < a o r  X. > b 
LITERAL: B X .^’^ = ^
^ [ B i f  a  < Xj_ < b
w here 0 < B < 3.
M cCluskey [11] h a s  r e p o r te d  t h r e e  f u n c t io n s  t h a t  a r e  u s e f u l  in
2
I  L f a b r i c a t i o n  o f  f o u r - l e v e l  lo g ic  c i r c u i t s .  Two o f  t h e s e ,  th e  PLUS
2
and INHIBIT, can be im plem ented  somewhat n a t u r a l l y  in  t h e  I  L c i r c u i t r y .
*DEC i s  a  tra d e m a rk  o f  D i g i t a l  E quipm ent C o rp o ra t io n , M aynard, 
M a s s a c h u s e t ts .
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T hese  f u n c t io n s  a r e  d e f in e d  a s  fo l lo w s :
X + Z , i f  X, + X, 3 3
PLUS: X 0  X = / ^  ^  ^
i  ' 3 i f  X^ + Xg > 3
0 i f  X. f  0
INHIBIT: BX? = <( ^
B i f  X. = 0
w here 0 < B < 3 . The PLUS f u n c t io n  i s  a l s o  in c lu d e d . The t h i r d  f u n c t io n
i s  a  u n i v e r s a l  g a te  th a t  u t i l i z e s  th e  MAX, PLUS and INHIBIT f u n c t io n s .  
The g a te  i s  d e s c r ib e d  by
_____________________ B
KW^^.Wg.X^.Xg.Y^.Yg) = Y= (W  ̂ V Wg) *  X^ *  Xg
w here  0 ^ B < 3 .
2
In  a d d i t i o n  to  o th e r  I  L c i r c u i t s ,  Dao [4] h a s  d e s c r ib e d  a  
m u l t ip le - v a lu e d  m u l t ip le x e r .  C le v e r  u se  o f  th e  m u l t ip le x e r  in  d i g i t a l  
c i r c u i t s  can o f t e n  c r e a te  s i m p l i s t i c  d e s ig n s  [3 2 ] . The q u a te rn a ry  lo g ic  
s im u la to r  i n c lu d e s  a 4 - t o - l  m u l t ip le x e r  h a v in g  f o u r - v a lu e d  in p u ts  
d e s c r ib e d  below  a s  Xg, Xg, X^, and Y^. The Y^ in p u t  s e l e c t s  one o f  
th e  X^ in p u ts  and cau ses  th e  g a te  o u tp u t  to  be  s e t  to  th e  v a lu e  o f  th e  
s e l e c t e d  in p u t .  The m u lt ip le x e r  o u tp u t  i s  th u s  g iv e n  by
f(%l, %2, ^4’ ^l) = i
i f 0







" l  =
3 .
Each g a te  i s  assumed to  r e a c t  to  in p u t  c o n d i t io n s  a s  d e s c r ib e d  
p r e v io u s ly .  A t r a n s p o r t  d e la y , A. ,̂ m ust b e  p ro v id e d  f o r  each  g a te  in
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th e  c i r c u i t .  The v a lu e  s p e c i f i e d  i s  c o n s ta n t  f o r  t h a t  p a r t i c u l a r  g a te .
The i n e r t i a l  d e la y ,  A j, i s  assumed to  be ze ro  f o r  e v e ry  g a te .  T h is
y i e l d s  a t y p i c a l  g a te  m odel a s  g iv en  in  F ig u re  3 .5 .  The r i s e  and f a l l
tim e  d e la y s ,  A„ and  A , a r e  im plem ented a c c o rd in g  to  th e  d i s c r e t e  r i s e /  i\ F
f a l l  tim e  a ssu m p tio n  g iv e n  i n  th e  p re v io u s  s e c t io n .  F u r th e r ,  i t  i s  
assum ed t h a t  th e  r i s e  and f a l l  tim es  a r e  e q u a l and c o n s ta n t  th ro u g h o u t 
th e  c i r c u i t .
_i
F ig u re  3 .5 .  T y p ic a l  G ate D elay Model
The QLOSIM lo g ic  s im u la to r  i s  a u n i t - t i m e ,  e v e n t - d r iv e n  sim u­
l a t o r  c o n ta in in g  s e v e r a l  l i s t s  im plem ented as a r r a y s .  T hese  l i s t s  a re  
u sed  to  s to r e  c i r c u i t  g a t e s ,  in te r c o n n e c t io n s ,  lo g ic  v a lu e s ,  tim e 
v a lu e s ,  and v a r io u s  f l a g s .  D uring  th e  e x e c u tio n  o f th e  s im u la to r ,  a l l  
l i s t s  r e s id e  in  m ain memory.
The c i r c u i t  to p o lo g y  i s  i n te g r a t e d  in to  th r e e  l i s t s  w ith  each  
l i s t  c o n ta in in g  l i n k s  o r p o i n te r s  to  th e  o th e r  two l i s t s .  R e f e r r in g  to  
F ig u re  3 .6 ( b ) ,  th e  th r e e  l i s t s  a re  shown a s  th e  c i r c u i t  node l i s t  (NLIST), 
th e  g a te  l i s t  (GLIST) and th e  g a te  f a n - in  l i s t  (IN L IS T ). Each c i r c u i t  
node ( in te r c o n n e c t )  and g a te  a re  a s s ig n e d  un ique  i d e n t i f i e r s  o r  names by 
th e  u s e r .  T h is  i s  d e p ic te d  f o r  th e  sam ple c i r c u i t  i n  F ig u re  3 .6 ( a ) .
To o u t l i n e  th e  m ethod used  f o r  c i r c u i t  t r a v e r s a l  d u r in g  th e  
s im u la t io n  p r o c e s s ,  th e  c i r c u i t  o f F ig u re  3 .6  w i l l  b e  u s e d . F i r s t ,  n o te
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t h a t  e a ch  l i s t  i s  im plem ented by a r r a y s  w i th  each  a r r a y  e lem en t h a v in g  
an  im p lie d  r e l a t i v e  p o s i t i o n  o r  in d e x . The in d e x  i s  n o t a c t u a l l y  s to r e d  
in  th e  l i s t ,  r a t h e r  each  e lem en t i s  r e f e r e n c e d  by i t s  in d ex  o r  s u b s c r i p t .  
L i s t  p o i n t e r s  a r e  s im p ly  th e  in d e x  o r  s u b s c r i p t  v a lu e  t h a t  p o in t  to  th e  
d e s i r e d  e le m e n ts  in  a n o th e r  l i s t .  F o r exam ple , b o th  nodes A and B a r e  
in p u ts  t o  g a te  G l. Both nodes c o n ta in  a "1 "  in  th e  NLIST f i r s t  g a te  
p o i n t e r  f i e l d  in d ic a t in g  t h a t  th e y  in p u t  to  th e  f i r s t  g a te  (G l) i n  th e  
GLIST. A p o i n te r  v a lu e  o f z e ro  i n d i c a t e s  t h e  n u l l  o r  n o n - e x i s te n t  
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F ig u re  3 .6  C i r c u i t  T opology D a ta  S t r u c tu r e
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C o n tin u in g  w ith  t h e  ex am p le , th e  f a n - i n  l i s t  p o in te r  f i e l d  i n  
GLIST p r o v id e s  a  l i n k  to  th e  INLIST. The number o f s u c c e s s iv e  e n t r i e s  
i n  th e  INLIST t h a t  a re  a s s o c i a te d  w i th  a p a r t i c u l a r  g a te  i s  fo u n d  in  th e  
GLIST f a n - i n  q u a n t i ty  f i e l d .  The q u a n t i ty  f i e l d  i s  n e c e s s a ry  s i n c e  th e  
number o f  g a te  in p u ts  i s  v a r i a b l e  d e p e n d in g  on th e  ty p e  o f  g a t e .  U sing 
th e  g a te  G l, i t  i s  se en  t h a t  two INLIST e n t r i e s ,  b e g in n in g  w ith  t h e  
f i r s t  e le m e n t , a r e  a s s o c i a te d  w ith  G l. The f i r s t  INLIST e n tr y  ( In d e x = l)  
c o n ta in s  a  p o i n t e r  back  to  th e  f i r s t  NLIST e le m e n t, i . e . ,  node A. S in c e  
n ode  A d o es  n o t  f a n - o u t  to  any o t h e r  g a te s ,  th e  n e x t g a te  p o i n te r  f o r  
th e  f i r s t  INLIST e n tr y  i s  s e t  to  z e r o .  I n  c o n t r a s t ,  node B i s  t h e  
second  INLIST e n t r y ,  and i t  i s  a l s o  an  in p u t  to  g a te  G2. T h is  c i r c u i t  
c o n n e c t io n  i s  r e p r e s e n te d  by s e t t i n g  th e  INLIST n e x t g a te  p o i n t e r  v a lu e  
e q u a l  to  tw o , th u s  p o in t in g  to  g a te  G2.
U sing  t h i s  d a ta  s t r u c t u r e  a rra n g e m e n t, i t  i s  p o s s ib l e  to  
(1 ) s t a r t  w i th  a g iv e n  node and d e te rm in e  a l l  g a te s  t h a t  have th e  node 
a s  a n  i n p u t ,  and (2) s t a r t  w i th  a  g iv e n  g a te  and d e te rm in e  a l l  i n p u t  and 
o u tp u t  n o d es a s s o c ia te d  w i th  th e  g a t e .  T hese two b a s ic  c i r c u i t  to p o lo g y  
re q u ir e m e n ts  a r e  n e c e s s a ry  f o r  p e rfo rm in g  th e  s im u la t io n  p r o c e s s .
F ig u re  3 .6  shows o n ly  s e l e c t e d  e le m en ts  t h a t  a r e  c o n ta in e d  in  
th e  NLIST and GLIST. The NLIST a l s o  c o n ta in s  th e  im m edia te  l o g i c  v a lu e  
f o r  th e  n o d e , a  f l a g  t h a t  i n d i c a t e s  w h e th e r  o r  n o t  th e  n ode  i s  m o n ito re d  
and r e p o r t e d ,  and a  l i n k  to  th e  e v e n t  queue w hich  i s  d is c u s s e d  b e lo w .
To c o n s e rv e  memory s p a c e , t h e  l o g i c  v a lu e  and r e p o r t  f l a g  f i e l d s  a r e  
packed  i n t o  one a r r a y  e le m e n t. The a d d i t i o n a l  GLIST f i e l d s  a r e  t h e  g a te  
ty p e  and th e  t r a n s p o r t  d e la y  v a lu e .
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As m e n tio n e d  p r e v io u s ly ,  th e  s im u la to r  i s  e v e n t d r iv e n . T h is  
im p l ie s  t h a t  th e  s im u l a t o r 's  i n t e r n a l  tim e  c o u n te r  i s  advanced to  th e  
n e x t  e v e n t r e q u i r in g  e v a lu a t io n .  U sing t h i s  m ethod , no com puter o v e r ­
head  i s  in c u r r e d  f o r  i n t e r v a l s  d u r in g  w h ich  no c i r c u i t  changes o c c u r .
To im plem ent t h i s  schem e, a  t im e -e v e n t  q u eu e  i s  n e c e s s a ry  to  r e c o rd  o r  
s c h e d u le  a l l  f u tu r e  c i r c u i t  c h a n g e s . The p a r t i c u l a r  queue c e l l  s t r u c t u r e  
u sed  by  th e  q u a te r n a r y  s im u la to r  i s  g iv en  i n  F ig u re  3 .7 .  One t im e -e v e n t  
queue c e l l  i s  u sed  f o r  e ach  c i r c u i t  change to  b e  s im u la te d .  F iv e  h u n d red  
memory r e s i d e n t  c e l l s  a r e  p ro v id e d  in  th e  s im u la to r .
The queue i s  im plem ented  a s  a  l in k e d  l i s t  i n  w hich th e  c e l l s  
a r e  l in k e d  i n  a s c e n d in g  o rd e r  by tim e  o f  c h a n g e . The n e x t t im e -e v e n t  
c e l l  l i n k  w i l l  a lw ay s  p o in t  to  th e  c e l l  h a v in g  th e  n e x t h ig h e s t  tim e
Time Node Logic Value Next T-E Next T-E
o f L is t and C e ll C ell on
Change P oin ter D elete  Flag Link Same Node Link
F ig u re  3 .7 .  T im e-E vent Queue S t r u c t u r e
v a lu e .  L o g ic  changes o r  e v e n ts  s c h e d u le d  f o r  a  g iv e n  node a r e  a ls o  
l in k e d  t o g e t h e r .  T h is  f a c i l i t y  s i m p l i f i e s  s c a n n in g  o f  th e  queue 
f o r  th e  p u rp o se s  o f u n s c h e d u lin g  e v e n ts  u n d e r  c e r t a i n  c o n d it io n s  and th e  
i n s p e c t io n  o f  f u tu r e  s c h e d u le d  node ch an g es  and lo g ic  v a lu e s .
S t i l l  r e f e r r i n g  to  F ig u re  3 .7 ,  t h e  node l i s t  p o in te r  l in k s  th e  
queue c e l l  w i th  a  node l i s t  c e l l .  The n o d e  p o in te d  to  by t h i s  f i e l d  i s  
th e  p a r t i c u l a r  c i r c u i t  node f o r  w hich  th e  l o g i c  change i s  s c h e d u le d .
The lo g ic  v a lu e  to  b e  assum ed i s  packed  w i th  th e  d e l e t e  f l a g .  The 
d e l e t e  f l a g  i s  u sed  to  ta g  p ro c e s s e d  c e l l s  t h a t  a r e  s u b s e q u e n tly  d e le te d  
by a  g a rb a g e  c o l l e c t i o n  r o u t i n e .  Queue d e l e t i o n s  o c c u r  fo llo w in g  a l l  
p r o c e s s in g  f o r  a  g iv en  tim e  v a lu e .
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Based on th e s e  l i s t  d a ta  s t r u c t u r e s ,  th e  s im u la t io n  p ro c e s s  i s  
s i m i l a r  to  th o se  p r e v io u s ly  d e s c r ib e d  f o r  b in a r y  l o g i c  s im u la to r s  [2 4 ].
The u n iq u e  f u n c t io n  f o r  m u l t ip le - v a lu e d  s im u la t io n  i s  th e  s c h e d u lin g  o f 
m u l t ip le -v a lu e d  s ig n a l  t r a n s i t i o n s  under th e  a s su m p tio n s  g iv en  p r e v io u s ly .  
The l i n e a r  o r d e r in g  a s su m p tio n , in  p a r t i c u l a r ,  l e a d s  to  s u b t l e  a l g o r i t h ­
mic p r o c e s s e s .  F u tu re  e v e n ts  a re  sch ed u le d  in  th e  s im u la to r  u s in g  th e  
t im e -e v e n t  queue . F o r a  g iv e n  g a te  o u tp u t ch an g e , th e  q u a te rn a ry  c a se  
r e q u i r e s  t h a t  z e ro  to  th r e e  new e v e n ts  a r e  s c h e d u le d  to  r e p r e s e n t  th e  
o u tp u t t r a n s i t i o n s .  H ow ever, i t  may be  th e  c a se  t h a t  one o r  more of 
th e s e  f u tu r e  e v e n ts  w i l l  n o t  o c c u r. To d e p ic t  t h i s  s i t u a t i o n  and b e t t e r  
d e m o n s tra te  th e  m u l t ip le - v a lu e d  p ro c e s s , a b r i e f  exam ple i s  g iv e n .
F ig u re  3 .8  shows a  h y p o th e t ic a l  u n a ry  f u n c t io n .  The g a te  
t r a n s p o r t  d e la y , A^, i s  assum ed to  be 10 tim e  u n i t s .  F u r th e r ,  assum e 
th a t  th e  s ig n a l  r i s e / f a l l  d e la y  i s  one tim e u n i t .  F ig u re  3 .9  p ro v id e s  a 
r e p r e s e n ta t i o n  o f  th e  p e r t i n e n t  d a ta  s t r u c t u r e  e le m e n ts  n e c e s s a ry  fo r  
th e  exam ple f u n c t io n .  To s e t  th e  i n i t i a l  c o n d i t io n s ,  assum e t h a t  an 
t r a n s i t i o n  from lo g ic  v a lu e  1 to  0 h as  j u s t  o c c u r r e d ,  and th e  f u tu r e  
e v e n ts  f o r  Xp have b e e n  sc h e d u le d  a t  t^  + 10 , t^  +  11 and t^  + 12.
L e t t i n g  t ^  a r b i t r a r i l y  e q u a l 50, th e  TFTIMF v a lu e s  a r e  60 , 61, and 62, 
r e s p e c t i v e ly .  The c o r re s p o n d in g  lo g ic  v a lu e  f o r  e a ch  tim e  i s  g iv en  in  
th e  TEVAL f i e l d .  N ote  t h a t  th e  p o in te r s  f o r  node Xp h ave  th e  fo llo w in g  
s t r u c t u r e  and a r e  shown p i c t o r i a l l y  by s o l id  l i n e s  r a t h e r  th an  q u a n t i ­
t a t i v e l y .  The node l i s t  t im e -e v e n t  p o in te r  (NLTFPT) f o r  node Xp p o in ts  
to  th e  l a s t  t im e -e v e n t  l i s t  e n t r y  f o r  t h i s  node. The n e x t  c e l l  on th e  
same node f i e l d  (TFNCSN) l i n k s  th e  rem a in in g  two e n t r i e s  f o r  node X?
( s o l id  l i n e s ) . The t im e - e v e n t  p o in te r  l in k s  a l l  t h r e e  X? node e n t r i e s
X. X.
Aij, — 10







(b) T ru th  T ab le
F ig u re  3 .3 .  Unary G ate  S im u la tio n  Example
Node L i s t  (NLIST) 
NLNODE NLTEPT
Tim e-Event L i s t  (TELIST)






60 \ \  \ 1 0
^1 61








62 r  / 1
*-
63 / / / 0
•—  ''
*U nscheduled  (D e le te d )  Event 
F ig u re  3 .9 .  S im u la tio n  Example D ata S t r u c tu r e
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to  th e  Xg node c e l l  in  t h e  node l i s t .  O nly one t im e -e v e n t l i s t  e n tr y  
e x i s t s  f o r  node X^, b u t i t  i s  l in k e d  in  a  s i m i l a r  f a s h io n .
The v a r i a b l e  TELOW p o in ts  to  th e  n e x t  t im e -e v e n t  c e l l  (e v e n t)  
to  b e  p ro c e s s e d . T h is  o c c u rs  a t  Time 52 and  r e p r e s e n t s  a  change on node 
X^ from  lo g ic  v a lu e  0 to  1 . When t h i s  c e l l  i s  p ro c e s s e d , lo g ic  v a lu e  
t r a n s i t i o n s  f o r  node  X£ m ust be sc h e d u le d  b a se d  upon th e  g a te  f u n c t io n  
a s  w e l l  a s  f u t u r e  e v e n ts  r e s id in g  in  th e  t im e - e v e n t  l i s t .  W ith  a t r a n s ­
p o r t  d e la y  o f  10 t im e  u n i t s ,  th e  e a r l i e s t  Xg change  sh o u ld  o c c u r  a t  Time 
62. How ever, a  f u t u r e  e v e n t fo r  node X£ i s  a l r e a d y  sc h ed u le d  a t  Time 
62. To r e s o lv e  t h i s  f u tu r e  e v e n t c o n f l i c t ,  t h e  s im u la to r  sc a n s  th e  
t im e -e v e n t  l i s t  f o r  node X£ and exam ines th e  TETIME f i e l d .  I f  TETIME i s  
g r e a t e r  th a n  o r  e q u a l to  th e  c u r r e n t  tim e  p lu s  t r a n s p o r t  d e la y ,  62 in  
t h i s  c a s e ,  th e  c e l l  i s  m arked f o r  d e l e t i o n .  T h is  c e l l  r e p r e s e n t s  a 
p r e v io u s ly  s c h e d u le d  e v e n t t h a t  w i l l  n o t  o c c u r  and m ust be u n s c h e d u le d . 
New e v e n ts  f o r  Xg a r e  sch ed u led  b a sed  upon th e  l a t e s t  ( i n  tim e) e v e n t 
t h a t  rem a in s  u n d e le te d .  The l a t e s t  e v e n t o c c u rs  a t  Time 61 and h a s  a 
l o g ic  v a lu e  o f  2 . New f u t u r e  e v e n t lo g ic  v a lu e s  to  be added to  th e  
t im e -e v e n t  queue c o n s id e r  t h a t  X^ w i l l  hav e  a  l o g ic  v a lu e  o f  2 a t  Time 
61.
U n sc h e d u lin g  r e q u i r e s  th e  re a r ra n g e m e n t o f  p o in te r s  and l i n k s  
be tw een  th e  l i s t s  a f t e r  th e  new e v e n ts  f o r  node Xg a t  Time 62 and 63 
a r e  ad d ed . The r e s u l t s  o f  t h i s  p ro c e s s  a r e  shown by th e  d o t te d  l i n e s .
The f i n a l  r e s u l t  i s  th a t  Xg now h a s  a 0 to  1 t r a n s i t i o n  sc h e d u le d  a t  Time 
60, a  1 to  2 t r a n s i t i o n  sc h ed u le d  a t  Time 61 , a  2 to  1 t r a n s i t i o n  a t  
Time 62 and a  1 to  0 t r a n s i t i o n  a t  Time 63 . The t r a n s i t i o n  from  2 to  3 
a t  Time 62 i s  p u rg ed  from  th e  t im e -e v e n t  l i s t .
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A tim in g  d ia g ra m  f o r  t h i s  exam ple i s  g iv e n  i n  F ig u re  3 .1 0 . The 
d iag ram  i s  draw n u s in g  d i s c r e t e  tim e  u n i t s  to  d e p ic t  th e  n a tu r e  o f  th e  
s im u la t io n .  N ote t h a t  th e  l i n e a r  o r d e r in g  a s su m p tio n s  a r e  p re s e rv e d .
New e v e n ts  a r e  a lw ay s  sc h e d u le d  w ith  r e g a r d  to  t h i s  a s su m p tio n  and th u s  









50 51 52 60 61 62 63
TIME
F ig u re  3 .1 0 .  S im u la tio n  Exam ple T im ing D iagram
To i l l u s t r a t e  a c tu a l  r e s u l t s  o b t a in a b le  from  th e  q u a te rn a ry  
l o g ic  s im u la to r ,  two c i r c u i t s  t h a t  form  a  b a s i s  f o r  l a t e r  developm en ts 
w i l l  be g iv e n . B o th  a  c o m b in a tio n a l and a  s e q u e n t i a l  c i r c u i t  a r e  simu­
l a t e d .  In p u t o p t io n s  n e c e s s a ry  f o r  g e n e r a t io n  o f  t h e  p a r t i c u l a r  r e p o r t  
fo rm a ts  e x h ib i te d  h e r e  can  b e  found in  A ppendix  A.
The f i r s t  c i r c u i t  c o n s id e re d  i s  th e  f o u r - v a lu e d  s t a t e  in te g r a t e d  
and m u lt ip le x e d  h a l f  a d d e r  t h a t  was in tr o d u c e d  in  C h a p te r  I I .  The h a l f  
a d d e r  lo g ic  c i r c u i t  i s  g iv e n  in  F ig u re  3 .1 1  and i s  shown w ith o u t  th e  
e n c o d e r /d e c o d e r  i n t e r f a c e .  R e c a ll  t h a t  th e  l o g ic  g a te s  and s ig n a l s  a r e  
f o u r -v a lu e d  and t h a t  t h e  c i r c u i t  s im u l ta n e o u s ly  p ro d u c e s  th e  sum and
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c a r r y  o u tp u ts  a s  i f  i t  w ere  two i d e n t i c a l  b in a r y  h a l f  a d d e rs  o p e r a t in g  
in  p a r a l l e l .  Nodes A and B a re  in p u ts  to  th e  c i r c u i t .  The sum o u tp u t  






F ig u re  3 .1 1 . F ou r-V a lued  H a lf  A dder C i r c u i t
A l i s t i n g  o f  th e  s im u la to r  in p u t  f i l e  i s  g iv e n  in  F ig u re  3 .1 2 . 
D i f f e r e n t  g ro u p s  o f  in p u t  r e c o rd s  a r e  d e l im i te d  w i th  The in p u t
f i l e  g ro u p s , i n  o r d e r  o f  o c c u r re n c e , s p e c i f y  th e  c i r c u i t  to p o lo g y , 
i n i t i a l  node c o n d i t io n s  f o r  nodes A and B, th e  dynam ic in p u t  v a lu e s  f o r  
in p u t  nodes A an d  B, and th e  c i r c u i t  nodes to  be t r a c e d  o r  r e p o r te d .
N ote t h a t  n o d es A, B, S, and C a r e  made r e p o r t a b l e  so  t h a t  o n ly  th e s e  
nodes w i l l  a p p e a r  i n  th e  s im u la to r  t a b u la r  o u tp u t  r e p o r t .
F ig u re  3 .1 3  shows th e  r e s u l t s  o f  th e  h a l f  a d d e r  s im u la t io n .  To 
c o n se rv e  s p a c e ,  o n ly  th e  t a b u la r  s im u la to r  o u tp u t  i s  g iv e n . F o r t h i s  
s im u la to r  e x e c u t io n  th e  r i s e / f a l l  tim e  was s p e c i f i e d  v i a  th e  u s e r  
te r m in a l  a s  = Ap = 1 tim e  u n i t .  T h is  i s  c l e a r l y  e v id e n t  in  th e  
o u tp u t  l i s t i n g  b y  th e  tim e  r e q u i r e d  f o r  n o d es A and B to  change from
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lo g ic  l e v e l  0 to  lo g ic  l e v e l  2 . As shown in  th e  in p u t  f i l e  l i s t i n g ,  th e  
t r a n s p o r t  d e la y ,  A^, f o r  each  g a te  i s  10 tim e  u n i t s .
By a n a ly z in g  th e  s im u la to r  o u tp u t ,  i t  i s  se e n  t h a t  o u tp u t  node 
S p ro d u ce s  th e  s im u l ta n e o u s  sum o f in p u ts  A and  B. For exam ple, a t  
Time 3 2 , T s e t t l e s  to  a  v a lu e  o f  1 , i n d i c a t i n g  t h a t  th e  s im u lta n e o u s  sum 
o f A = 2 and B = 3 i s  1 .  T h ink ing  o f  th e  v a lu e s  f o r  A and B a s  th e  2- 
tu p le s  (10) and ( 1 1 ) ,  i t  i s  c l e a r  t h a t  th e  e le m e n tw ise  sum i s  (0 1 ) . The 
c a r ry  o u tp u t  C i s  2 , o r  a l t e r n a t e l y  (1 0 ) , and h a s  s e t t l e d  by Time 12. 
T h is  v a lu e  fo r  C i n d i c a t e s  a c a r r y  from  th e  l e f t  2 - tu p le  e le m e n t, which 
i s  in d ee d  th e  c a s e  f o r  th e s e  v a lu e s  o f  A and B. A t Time 100, node B 
b e g in s  a  change to  a  v a lu e  o f  1 . The sum g iv e n  a t  Time 133 i s  th e  
s im u lta n e o u s  sum o f  A = 2 and B = 1 . The re m a in in g  in p u t  changes fo r  A 
and B and  th e  r e s u l t i n g  sum and c a r r y  o u tp u ts  can  b e  exam ined i n  a 
s im i la r  m anner.
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  o u tp u t  node S te n d s  to  wander 
about b e f o r e  f i n a l l y  s t a b i l i z i n g  on th e  f i n a l  v a lu e .  T h is  i s  due to
'G l '  'COMP' 10 'B ' 'NB' /
'G 2 ' 'COMP' 10 'A ' 'NA' /
'G 3 ' 'AND2' 10 'A ' 'NB' 'E ' /
'G 4 ' 'AND2' 10 'B ' 'NA' 'F '  /
'G 5 ' '0 R 2 ' 10 'E '  'F '  'S '  /
'G 6 ' 'AND2' 10 'A ' 'B ' 'C  /
'$$'  /
'A ' 0 
'B ' 0 
'$ $ '  /
'A ' 1 ,2  200 ,1  3 0 0 ,0  /
'B ' 1 ,3  1 00 ,1  2 0 0 ,0  /
’ $$'  /
'A ' 'B ' 'S' 'C ' /
' $$ '  /
F ig u re  3 .1 2 .  F o u r-V a lu ed  H a lf  Adder S im u la to r  In p u t  D ata
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
HADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 A 0 1
1 B 0 1
2 A 1 2
2 B 1 2
3 B 2 3
11 C 0 1
12 C 1 2
21 S 0 1
22 S 1 2
23 S 2 3
31 S 3 2
32 S 2 1
100 B 3 2 ■
101 B 2 1
111 C 2 1
112 C 1 0
120 S 1 0
121 S 0 1
132 s 1 2
133 s 2 3
200 A 2 1
200 B 1 0
220 S 3 2
221 S 2 1
222 S 1 0
230 S 0 1
300 A 1 0
320 S 1 0
SIMULATION TERMINATED AT TIME 320
Figure 3.13. Four-Valued Half Adder Simulator Output
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th e  a ssu m p tio n  t h a t  each  g a te  r e a c t s  to  a l l  i n p u t  ch an g es; t h e r e f o r e ,  
each  g a te  w i l l  a t te m p t  to  r e f l e c t  i t s  r e s p e c t iv e  t r u t h  t a b l e  v a lu e s  on 
i t s  o u tp u t .  The r a m i f i c a t io n s  o f  t h i s  a c t io n  a r e  d is c u s s e d  in  more 
d e t a i l  in  th e  re m a in in g  c h a p te r s .
The seco n d  exam ple c i r c u i t  i s  a  b a s ic  f o u r -v a lu e d  c ro s s - c o u p le d  
s e t - r e s e t  r - f l o p  t h a t  has been  s u g g e s te d  by s e v e r a l  a u th o r s  [ 1 5 ,1 6 ,1 9 ] .  
W ills  [19] p ro v id e s  a  th o ro u g h  a n a ly s i s  o f th e  c i r c u i t .  R e f e r r in g  to  
F ig u re  3 .1 4 , th e  f o u r -v a lu e d  c i r c u i t  i s  s im i l a r  t o  th e  c r o s s - c o u p le d  
b in a ry  NOR g a te s  i n  t h e  f a m i l i a r  b in a r y  sy stem ; how ever, f o r  th e  m u l t ip l e ­




F ig u re  3 .1 4 . F our-V alued  RS r - F lo p
SS r - f l o p  i s  shown in  F ig u re  3 .1 5 . The dashed  e n t r i e s  r e p r e s e n t  s t a t e s  
t h a t  a r e  th e  r e s u l t  o f  u n d e s ir a b le  in p u ts  on th e  R and S i n p u t s .  These 
a re  th e  m u l t ip le - v a lu e d  e q u iv a le n t  to  th e  u n d e s ir a b le  in p u t  in  th e  
b in a ry  c a se  when R = S = 1 .
F ig u re  3 .1 6  g iv e s  th e  in p u t  f i l e  s p e c i f i c a t i o n  f o r  th e  RS r -  
f lo p .  The t r a n s p o r t  d e la y ,  A^, i s  10 tim e u n i t s  f o r  each  g a te .  The 
i n i t i a l  c o n d i t io n s  s p e c i f ie d  i n  th e  f i l e  p la c e  th e  r - f l o p  i n  th e  r e s e t  
c o n d it io n  a t  Time 0 w ith  Q = 0 and NQ = Q' = 3 .  A l l  fo u r  nodes in  th e  




RS RS RS RS
00 01 02 03 10 11 12 13 20 21 22 23 30 31 32 33
0 0 1 2 3 0 1 2 - 0 1 - 0 — — —
1 1 1 2 3 1 1 2 - 1 1 - 0 — — —
2 2 2 2 3 2 2 2 - 1 1 - - 0 — — —
3 3 3 3 3 2 2 2 - 1 1 - 0 —  —  —










' $ $ '
'NMAX2' 10 'S '  'Q ' 'NQ' / 







1 ,2  1 0 0 ,0  4 0 0 ,3  5 0 0 ,0  /  
2 00 ,1  3 0 0 ,0  600 ,3  7 00 ,0  /
/
'R ' 'O ' 'NQ' /
/
Figure 3.16. Four-Valued RS r-Flop Simulator Input Data
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
RSFF.EX2 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 S 0 1
2 S 1 2
11 NQ 3 2
12 NQ 2 1
21 Q 0 1
22 Q 1 2
100 S 2 1
101 S 1 0
200 R 0 1
300 R 1 0
400 S 0 1
401 S 1 2
402 S 2 3
412 NQ 1 0
422 Q 2 3
500 S 3 2
501 s 2 1
502 s 1 0
600 R 0 1
601 R 1 2
602 R 2 3
610 Q 3 2
611 Q 2 1
612 Q 1 0
620 NQ 0 1
621 NQ 1 2
622 NQ 2 3
700 R 3 2
701 R 2 1
702 R 1 0
SIMULATION TERMINATED AT TIME 702
Figure 3.17. Four-Valued RS r-Flop Simulator Output
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The QLOSIM s im u la to r  o u tp u t  shown i n  F ig u re  3.17 i s ,  a g a in ,  
o n ly  th e  t a b u l a r  p o r t io n  o f  th e  o u tp u t  r e p o r t .  U sing  th e  n e x t - s t a t e  
t a b l e  f o r  th e  RS r - f l o p .  F ig u re  3 .1 5 , th e  s im u la to r  o u tp u t shows t h a t  
th e  c i r c u i t  does in d ee d  p e rfo rm  a s  e x p e c te d . F o r th e  f i r s t  c i r c u i t  
s t i m u la t i o n ,  th e  s e t  i n p u t ,  S, r i s e s  from  0 to  2. The c i r c u i t  re sp o n d s  
by e n te r in g  s t a t e  Q = 2 a t  Time 2 2 . The S in p u t  th e n  r e tu r n s  to  l o g i c  
v a lu e  0 . A t Time 200 th e  r e s e t  i n p u t ,  R, r i s e s  to  1 and r e t u r n s  t o  0 
a t  Time 300. As p r e d ic te d  by th e  n e x t - s t a t e  t a b l e ,  th e  r - f l o p  rem a in s  
in  s t a t e  Q = 2 . The n e x t  c i r c u i t  in p u t  o c c u rs  a t  Time 400 w ith  S 
m aking a t r a n s i t i o n  from  0 to  3 . T h is  changes th e  r - f l o p  s t a t e  from  Q = 
2 to  Q = 3 . A g a in , S r e tu r n s  to  0 .  At Time 600 R goes from  0 to  3 ; th e  
r - f l o p  r e s e t s  to  s t a t e  Q = 0, and th e  s im u la t io n  te rm in a te s  w ith  R a t  0 
and Q = 0.
T h is  i s  n o t an  e x h a u s t iv e  s im u la t io n  o f  a l l  t r a n s i t i o n s ,  b u t  i t  
d e m o n s tra te s  th e  use  o f  th e  s im u la to r  f o r  p a r t i a l  o p e r a t io n a l  v e r i f i ­
c a t io n  o f  a  s im p le  s e q u e n t i a l  c i r c u i t .  The RS r - f l o p  i s  an  im p o r ta n t  
b a s ic  c i r c u i t  from  w hich  o th e r  r - f l o p s  can  be  c o n s tr u c te d .  T h is  c i r c u i t  
w i l l  b e  c o n s id e re d  a g a in  in  C h a p te r  V.
I n  a d d i t io n  to  s tu d y in g  c i r c u i t  b e h a v io r  th e  lo g ic  s im u la to r  
can  be u se d  f o r  e v a lu a t in g  f o u r - v a lu e d  mixed a lg e b r a i c  e x p re s s io n s ,  i . e . ,  
e x p re s s io n s  t h a t  c o n ta in  b o th  P o s t  and B oolean  o p e r a t io n s .  A r e l a t i o n ­
s h ip  t h a t  w i l l  be  used  i n  C h ap te r V can  be  h a n d le d  i n  t h i s  m anner. 
C o n s id e r  th e  m ixed a lg e b r a i c  e x p re s s io n
X V ( X + Y ) = X + Y .
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T h is  r e l a t i o n s h i p  can  be v e r i f i e d  by u s in g  th e  c i r c u i t  g iv e n  in  F ig u re  
3 .1 8 ,  w here g a te s  Gl and G2 r e p r e s e n t  th e  l e f t  s id e  o f  th e  e x p re s s io n  
and g a te  G3 r e p r e s e n t s  th e  r i g h t  s i d e .  I n p u t t in g  a l l  p o s s ib l e  v a lu e s  f o r  
X and Y in to  th e  c i r c u i t  and o b s e rv in g  t h a t  nodes Z and W alw ays have th e  
same re s p o n s e  f o r  a  g iv en  in p u t  c o n d i t io n  v e r i f i e s  th e  r e l a t i o n s h i p .  The 
s im u la to r  o u tp u t  f o r  t h i s  c i r c u i t  i s  g iv e n  i n  F ig u re  3 .1 9  and c l e a r l y  
shows t h a t  th e  c o n d i t io n s  a r e  m et. In  a s i m i l a r  m anner, th e  r e l a t i o n
X A ( X x Y )  = X X Y
can  be  shown to  b e  t r u e .  T h is  s im u la to r  c a p a b i l i t y  i s  an  a d d i t i o n a l  
b e n e f i t  t h a t  was n o t  a n t i c ip a t e d  d u r in g  i t s  c o n s t r u c t i o n ,  b u t  th e  r e s u l t s  
g e n e ra te d  above a r e  q u i t e  n e c e s s a ry  f o r  l a t e r  w ork in  memory e lem en t 




F ig u re  3 .1 8 . C i r c u i t  f o r  V e r i f i c a t i o n  o f  
X V  ( X + Y )  = X + Y
M u ltip le -V a lu e d  B oo lean  G a te  R e a l iz a t i o n s  
I t  i s  c l e a r  t h a t  th e  c o n s t r u c t io n  o f  a  s t a t e  i n te g r a t e d  and 
m u lt ip le x e d  sy stem  w ith  b in a r y  su b -m ach in es  w i l l  r e q u i r e  th e  d e v e lo p ­
m ent o f  m u l t ip le - v a lu e d  B oo lean  AND and OR g a t e s .  F a b r ic a t io n  o f 
m u l t ip le - v a lu e d  I  L c i r c u i t s  h a s  p ro v e n  s u c c e s s f u l  [ 3 ,4 ]  and has
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IDENT.EXl
QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 Y 0 1
11 W 0 1
21 Z 0 1
100 Y 1 2
110 W 1 2
120 Z 1 2
200 Y 2 3
210 W 2 3
220 Z 2 3
300 X 0 1
300 Y 3 2
301 Y 2 1
302 Y 1 G
311 W 3 2
312 W 2 1
321 Z 3 2
322 Z 2 1
400 Y G 1
500 Y 1 2
510 W 1 2
511 W 2 3
520 Z 1 2
521 Z 2 3
600 Y 2 3
700 X 1 2
700 Y 3 2
701 Y 2 1
702 Y 1 0
710 W 3 2
720 Z 3 2
800 Y 0 1
810 W 2 3
820 Z 2 3
900 Y 1 2
910 W 3 2
920 Z 3 2
1000 Y 2 3
1010 W 2 3
1020 Z 2 3
1100 X 2 3
1100 Y 3 2
1101 Y 2 1
1102 Y 1 0
1200 Y 0 1
1300 Y 1 2
1400 Y 2 3
.1 9 . S im u la to r V e r i f i c a t i o n  o f X V  ( X + Y ) = X + Y
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r e s u l t e d  i n  l o g i c  d e s ig n  te c h n iq u e s  t h a t  can  be  u se d  to  s p e c i f y  f o u r ­
v a lu e d  B o o lean  g a t e s .  A lthough  o th e r  c i r c u i t  f a b r i c a t i o n  te c h n o lo g ie s  
m ig h t l a t e r  be  shown to  y i e l d  l e s s  e x p e n s iv e  g a te s ,  th e  I  L te c h n o lo g y  
i s  s u f f i c i e n t l y  d e v e lo p e d  to  p r o v id e  a b a s i s  f o r  t h e  B o o lean  g a te  
s p e c i f i c a t i o n s .  No a tte m p t i s  made to  fo c u s  on th e  u n iq u e n e s s  o f  th e s e  
p a r t i c u l a r  c i r c u i t  d e s ig n s ,  r a t h e r  th ey  a r e  o f f e r e d  to  show f e a s i b i l i t y .  
Only th e  tw o - in p u t  g a te s  w i l l  be d e s ig n e d . S in ce  th e  f o u r - v a lu e d  B ool­
ean  COMPLEMENT g a te  i s  i d e n t i c a l  to  th e  no rm al fo u r - v a lu e d  I^L  
COMPLEMENT g a te  [ 4 ] ,  no new work i s  r e q u i r e d  f o r  i t .
The fo u r - v a lu e d  AND g a te  d e s ig n  w i l l  be g iv e n  f i r s t .  D e ta i l s
o f  th e  d e s ig n  p ro c e d u re  a r e  o m it te d  b u t a r e  g iv en  by M cCluskey [1 2 ] .
2
B ecause o f  th e  r i c h n e s s  o f  o p e r a t io n s  a v a i l a b l e  in  I  L, s e v e r a l  v a r i a ­
t i o n s  in  th e  d e s ig n  a r e  p o s s ib l e .  The a v a i l a b i l y  o f  th e  fo u r - v a lu e d  4 -  
to -1  I^L m u l t ip l e x e r ,  d e s c r ib e d  p r e v io u s ly ,  a llo w s  th e  u s e  o f  a  d e s ig n  
te c h n iq u e  g iv e n  in  [3 2 ] .  F o r a tw o - in p u t AND g a te ,  one o f  th e  in p u ts  
i s  u sed  to  c o n t r o l  th e  m u l t ip le x e r  s e l e c t  i n p u t .  B ecause  o f  th e  sym­
m etry  o f  th e  AND g a te ,  e i t h e r  in p u t  can be u sed  in  t h i s  m anner. From 
th e  f u n c t io n  map o f  th e  AND g a te .  F ig u re  3 .2 ,  f o u r  f u n c t io n s  a r e  
w r i t t e n  in  th e  o th e r  in p u t  v a r i a b l e .  T hese fo u r  f u n c t io n s  become th e  
fo u r  d a ta  i n p u ts  i n to  th e  m u l t ip le x e r .
A r b i t r a r i l y  choose  in p u t  v a r i a b l e  to  c o n t r o l  th e  m u l t i ­
p l e x e r .  From F ig u re  3 .2  th e  fo u r  f u n c t io n s  in  ca n  be  w r i t t e n  u s in g  
o p e r a t io n s  p r e v io u s ly  d i s c u s s e d .  R e fe r r in g  to  th e  f i r s t  colum n in  th e  
AND g a te  f u n c t io n  map, i t  i s  c l e a r  t h a t
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th u s  g iv in g  t h e  f i r s t  f u n c t i o n .  L ikew ise , th e  l a s t  colum n in  th e  map 
g iv e s
The second  f u n c t i o n ,  from  colum n tw o, can b e  w r i t t e n
fgC X i) = V lX i '3  ,
w here  v i s  th e  MAX o p e r a t io n .  The th i r d  f u n c t i o n  i s  g iv e n  as
fg C X l)  = 2X2,3 .
F u n c tio n s  f^CX^) and f 2 (X^) a r e  c o n s ta n t  and  a r e  t h e r e f o r e  r e a l i z e d  some-
2
w hat n a t u r a l l y .  I n  t h e  I  L te c h n o lo g y  th e y  a r e  g e n e ra te d  by  c o n s ta n t  
c u r r e n t  s o u rc e s  in  th e  c i r c u i t .  F u n c tio n s  and f^CX^) b o th  have
I^L  r e a l i z a t i o n s  [ 4 ] .  As m en tio n ed  above, o th e r  f u n c t i o n a l ly  e q u iv a le n t  
r e a l i z a t i o n s  a r e  a l s o  p o s s i b l e .  F o r exam ple, th e  MAX o p e r a t io n  in  th e
e x p re s s io n  f o r  fgCX^) c a n  b e  r e p la c e d  by t h e  PLUS o p e r a t io n .  A pp ly ing
th e  f u n c t io n s  to  th e  I  L m u l t ip l e x e r ,  the tw o - in p u t  AND g a te  i s  r e a l i z e d  
and i s  shown i n  F ig u re  3 .2 0 .  The Xg in p u t c o n t r o l s  th e  s e l e c t  in p u t  S, 
and th e  fo u r  f u n c t io n s  in p u t  to  D^, th ro u g h  D^, r e s p e c t i v e l y .  The 
m u l t ip le x e r  o u tp u t  i s  t h e  AND f u n c t io n .
Xr
f l ( X i )  = 0 
C l )  =  1 x 1 , 1  V 
^sCXi) = 2Xj
f4 (X i)  = 3
.3,3
1 4—to —1 MUX
F ig u re  3 .2 0 .  X L  AND Gate R e a l i z a t i o n
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U sin g  th e  same d e s ig n  te c h n iq u e ,  th e  tw o - in p u t OR g a te  
e x p r e s s io n s  a r e  w r i t t e n  from  th e  OR g a te  f u n c t io n  map i n  F ig u re  3 .2
as
f l ( X i )  -
f2(Xi) = IX i'l V 3%2'3
f g ( X i )  = 1 X 0 , 0  V 1 x 2 , 2  
f4 (X i)  = 3 .
The r e s u l t i n g  r e a l i z a t i o n  i s  shown i n  F ig u re  3 .2 1 . A g a in , fgCX^) and 
flCXj^) h a v e  r e a l i z a t i o n s  i n  I “L.
4 - t o - l
Mux
f ( X ^ , X 2 )  = X^ + X%
F ig u re  3 .2 1 . I^L OR G ate R e a l iz a t io n
The AND and OR g a te  c i r c u i t s  c o n ta in  s e v e r a l  t r a n s i s t o r  
e le m e n ts  and  w i l l  be  c o n s id e r a b ly  m ore e x p e n s iv e  to  f a b r i c a t e  th a n  
b in a r y  g a t e s .  H ow ever, t h e r e  h as  been  l i t t l e  o r  no p re v io u s  w ork t h a t  
s u g g e s te d  any s o r t  o f AND and OR g a te  r e a l i z a t i o n s .  I n  th e  fo llo w in g  
c h a p te r s  t h e  s t a t e  in te g r a t e d  and m u lt ip le x e d  lo g ic  c i r c u i t s  w i l l  be 
exam ined i n  d e t a i l ,  and i t  i s  hoped t h a t  t h i s  work w i l l  p r o v id e  m o ti­
v a t io n  f o r  im proved m u lt ip le -v a lu e d  B oolean  g a te  r e a l i z a t i o n s .
CHAPTER IV
STATE INTEGRATED AND MULTIPLEXED COMBINATIONAL CIRCUITS
C i r c u i t  B eh av io r C h a r a c t e r i s t i c s  
C o m b in a tio n a l l o g ic  c i r c u i t s  have th e  p r o p e r ty  t h a t  t h e i r  
o u tp u ts  a t  any  tim e  a r e  d e te rm in e d  s t r i c t l y  by  th e  c i r c u i t  in p u ts  a t  
t h a t  t im e . The c o m b in a tio n a l c i r c u i t ,  t h e r e f o r e ,  does  n o t  p o s s e s s  
fe e d b a c k  c o n n e c t io n s ,  b u t  t h i s  c i r c u i t  ty p e  i s  im p o r ta n t  f o r  th e  d e s ig n  
o f o th e r  c i r c u i t s  t h a t  do c o n ta in  fe e d b a c k  c o n n e c t io n s ,  i . e . ,  s e q u e n t i a l  
c i r c u i t s .  The r e s t r i c t i o n  o f  tim e  in  th e  r e l a t i o n s h i p  o f  c o m b in a tio n a l 
c i r c u i t  in p u t  to  o u tp u t  i s  r a t h e r  a lo o f  in  th e  p h y s ic a l  s e n s e  b e c a u se  
a l l  c i r c u i t  d e v ic e s  e x h ib i t  some d e la y  i n  t h e i r  o p e r a t io n .  T h is  p h y s i ­
c a l  r e a l i t y  w i l l  b e  o f  some s ig n i f ic a n c e  in  t h i s  s tu d y  s in c e  th e  r e s p o n s e  
o f c i r c u i t  e le m e n ts  t h a t  p o s s e s s  d e la y  and th e  r e s u l t i n g  c i r c u i t  b e h a v io r  
i s  th e  p r im a ry  fo c u s  o f  th e  a n a ly s i s .
C l a s s i f i c a t i o n  o f  m u l t ip le -v a lu e d  c o m b in a tio n a l c i r c u i t  behav­
i o r  i s  b a se d  on  t h a t  g iv e n  by S h e a fo r  [15] and W ojcik  [ 1 3 ,1 4 ] .  L et = 
{ 0 , 1 , . . . , r - l }  d e n o te  th e  s e t  o f  l o g i c a l  v a lu e s  o f  th e  a lg e b r a i c  sy s tem , 
and l e t  = {vg,V 2_, . . .  ,v^_^^} b e  th e  p h y s ic a l  q u a n t i t i e s  a s s o c ia te d  w ith  
th e  l o g i c a l  v a lu e s .  The l o g i c a l  and p h y s ic a l  q u a n t i t i e s  a r e  assum ed to
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be l i n e a r l y  o rd e re d . For th e  fo llo w in g  d i s c u s s io n  l e t  = {X^^ i ) j »  
. . . , X q^}  be a k - tu p l e  w ith  each  e .
D e f in i t io n  4 .1 .  Two k - tu p le s  X^ and X  ̂ a re  a d ja c e n t  i f  and 
o n ly  i f  th e y  d i f f e r  in  e x a c t ly  one com ponent Xj^^ and X^j r e s p e c t i v e l y ,
0 < h < k -1 ,  and |Xj^^ -  X^^j < 1.
D enote a  k - v a r i a b l e  fu n c t io n  o f  th e  a lg e b r a i c  sy stem  by  f(X ) = 
f  (X ^_j^,. . .  ,Xq) and l e t  X^ and Xj be d i s t i n c t  a rgum ent k - tu p l e s  o f f (X ) .
D e f in i t io n  4 .2 .  f(X ) c o n ta in s  an  o p e r a t io n  h a z a rd  i f  f o r  any 
two a d ja c e n t  k - tu p l e s  X^ and X^, |f (X ^ )  -  f ( X j ) |  à 2 .
I t  sh o u ld  be n o te d  t h a t  an o p e r a t io n  h a z a rd  i s  a  p r o p e r ty  o f 
th e  f u n c t io n  i t s e l f ,  and n o t  o f  th e  f u n c t io n  r e a l i z a t i o n s ,  so t h a t  i t  
c a n n o t b e  e l im in a te d .  The h a z ard  b e h a v io r  i s  fo rc e d  when th e  in p u t  
changes from  to  Xj and th e  o u tp u t m ust change by more th a n  a  s in g l e  
v a lu e .  I f  t h i s  o u tp u t  i s  u sed  as an  in p u t  to  a n o th e r  c i r c u i t ,  i n c o r r e c t  
o p e r a t io n  may r e s u l t .
D e f in i t io n  4 .3 .  L e t X^ be a  k - tu p l e  o f  in p u ts  to  a  c i r c u i t ,
and l e t  t h i s  k - tu p l e  change  to  X j. T h is  change i s  s a id  to  be a  s i n g l e -
v a lu e  s in g l e - i n p u t  change (SVSIC) i f  X^ and Xj a r e  a d ja c e n t .  I t  i s
->
s a id  to  be a  m u l t ip l e - v a lu e  s in g l e - in p u t  change (MVSIC) i f  X^ and Xj 
d i f f e r  i n  e x a c t ly  one com ponent bu t a r e  n o t a d ja c e n t .  O th e rw ise , th e  
change i s  a  m u l t ip l e - in p u t  change.
-r
D e f in i t io n  4 .4 .  L e t X^ and Xj be two in p u t  k - tu p l e s  (n o t 
n e c e s s a r i l y  a d ja c e n t ) .  The o u tp u t t r a n s i t i o n  from  f(X ^) to  f (X j)  i s  
s a id  to  be p ro p e r  i f  th e  o u tp u t  assum es th e  v a lu e s :
-4- -4- -4-
a) f ( X ^ ) , f ( X ^ ) + l , . . .  , f ( X j ) - l , f ( X j ) , i n  e x a c t ly  t h a t  o rd e r
- y  - y
when f(X _) < f ( X j ) .
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b) f(X^),f( X ^ ) - l , . . . ,f(Xj)+l,f(Xj), i n  e x a c t ly  t h a t  o r d e r ,  
when f(X ^) > f (Xj).
c) f (X ^ )  o n ly ,  when f(X ^) = f ( X j ) .
In  o th e r  w o rd s , a  p ro p e r  t r a n s i t i o n  i s  one w h ich  p ro c e e d s  d i r e c t l y  from
th e  i n i t i a l  v a lu e  to  t h e  f i n a l  v a lu e ,  and i f  an y  in te r m e d ia te  v a lu e s
o c c u r ,  th e y  a r e  t r a v e r s e d  in  l i n e a r  o r d e r .
D e f in i t i o n  4 .5 .  A f u n c t io n  f  (X) i s  s a id  to  be m u l t ip le - v a lu e  
t o l e r a n t  w ith  r e s p e c t  to  in p u t  X^̂ (MVT(Xj^)) i f ,  g iv e n  any k - tu p l e  X j, 
c o n s e c u t iv e  s in g l e - v a l u e  s in g l e - i n p u t  ch an g es i n  v a r i a b l e  X̂  ̂ p ro d u ces  a  
p ro p e r  t r a n s i t i o n  a t  t h e  o u tp u t .  A f u n c t io n  f (X ) i s  m u l t ip le - v a lu e  t o l ­
e r a n t  (MVT) i f  i t  i s  MVT(Xj^) f o r  a l l  i .
S h e a fo r  [15] h a s  shown t h a t  t h i s  d e f i n i t i o n  i s  e q u iv a le n t  to  
s a y in g  t h a t  t h e  f u n c t i o n  i s  m onotone n o n - in c r e a s in g  o r  m onotone non­
d e c re a s in g  in  v a r i a b l e  X^.
S u b seq u en t to  th e s e  d e f i n i t i o n s  and t h e  a ssu m p tio n s  g iv en  in  
C h a p te r  I I I ,  th e  f o l lo w in g  a d d i t i o n a l  o p e r a t i o n a l  c h a r a c t e r i s t i c s  a r e  
s t a t e d  f o r  p u r e ly  c o m b in a tio n a l  c i r c u i t s .
1 . M u l t ip le - v a lu e d  changes a r e  a llo w e d  f o r  any in p u t 
v a r i a b l e .
2 . The l o g i c  v a lu e  o f  an in p u t  v a r i a b l e  can  change a t  any 
t im e .
T hus, any p u re ly  c o m b in a tio n a l  c i r c u i t ,  e . g . ,  a  s im p le  a d d e r  c i r c u i t ,  
may e x p e r ie n c e  m u l t ip le - v a lu e d  m u l t ip l e - in p u t  c h a n g es  w ith o u t re g a rd  to  
t im e . M u lt ip le -v a lu e d  in p u t  changes m ust b e  p e r m i t te d  i n  a  s t a t e  i n t e ­
g r a te d  and m u lt ip le x e d  sy s tem . For a  f o u r - v a lu e d  system  assum e t h a t  
b o th  b in a ry  su b -m a c h in e s  have  an  in p u t w i th  l o g i c  v a lu e  z e ro .  For th e
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l e f t  m ach ine  in p u t  t o  change to  lo g ic  v a lu e  o f  1 , th e  in p u t  s ig n a l  m ust 
change from  0 to  2 . A c c e p ta b le  o p e r a t io n  m ust fo l lo w  even  though an 
in te r m e d ia t e  lo g ic  v a lu e  o f  1 i s  e x p e r ie n c e d  on th e  c i r c u i t  i n p u t .
T h is  p e rm is s iv e  o p e r a t in g  en v iro n m en t d o es  n o t  imply t h a t  a l l  
c o m b in a tio n a l  c i r c u i t s  w i l l  o r  sh o u ld  b e  s u b je c te d  to  an  u n c o n tro l le d  
s t im u lu s ,  r a t h e r  t h e r e  e x i s t  no r e s t r i c t i o n s  w i th in  th e  lo g ic  g a te s  o r 
q u a te r n a r y  s im u la to r  t h a t  p re v e n t  e v e n ts  o f  t h i s  ty p e  from  o c c u r r in g .
The a p p l i c a t i o n  o f  c o m b in a tio n a l  c i r c u i t s  o f t e n  em ploys a  means o f  con­
t r o l l i n g  th e  in p u t  and  o u tp u t  s ig n a l s .  T h is  i s  n o rm a lly  done by u s in g  a 
c o n t r o l  o r  s t r o b e  s i g n a l  to  AND th e  in p u t  o r  o u tp u t  s i g n a l s ,  th u s  
a l lo w in g  th e  t im e ly  a p p l i c a t i o n  o f  in p u t  in fo r m a t io n  and the  t im e ly  
sa m p lin g  o f  th e  c i r c u i t  o u tp u t .  In  e s s e n c e ,  th e  p r a c t i c a l  m ethods u se d  
i n  b in a r y  l o g i c  c i r c u i t s  to  c o n t r o l  l o g ic  s i g n a l s  can  a l s o  be a p p lie d  i n  
th e  m u l t ip le - v a lu e d  c i r c u i t s ;  how ever, some u n d e s i r a b le  g a te  r e a c t i o n s  
can n o t b e  p r e v e n te d .  T hese i s s u e s  w i l l  be i n v e s t i g a t e d  in  th e  fo llo w in g  
s e c t i o n s .
S t a t i c  H azard  C o n d it io n s
The o c c u r r e n c e  o f  m u l t ip le - v a lu e d  ch an g es on c i r c u i t  in p u ts  h as  
a m ajo r im p ac t on s t a t e  i n t e g r a t e d  and m u lt ip le x e d  c o m b in a tio n a l c i r ­
c u i t s .  The B2XB2 f u n c t i o n s ,  AND, OR, and COMPLEMENT, a r e  shown a g a in  
in  F ig u re  4 .1 ,  e x c e p t  h e r e  th e  v a r i a b l e s  and f u n c t io n  o u tp u ts  a r e  g iv en  
a s  2 - t u p l e s .  From t h i s  r e p r e s e n t a t i o n  i t  i s  e a s i l y  s e e n  th a t  th e  
o p e r a t io n s  a r e  p e rfo rm e d  e le m en tw ise  on th e  e le m e n ts  a^S j th a t  com prise  
th e  2 - t u p l e s .  C o n s id e r in g  th e  AND f u n c t io n ,  i t  i s  s e e n  th a t  t h e  o p e ra ­
t i o n  i s  n o t m u l t ip l e  v a lu e  t o l e r a n t  in  e i t h e r  Xj o r  %2 . When = 01 
and ch an g es from  a  v a lu e  o f  01 to  11 , th e  o u tp u t  w i l l  take  on an
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i n te r m e d ia t e  v a lu e  o f  00 . The same c o n d i t io n  e x i s t s  when and Xg a re  
i n te r c h a n g e d .  A s i m i l a r  c o n d i t io n  e x i s t s  in  th e  OR f u n c t io n  when X^ o r 
= 10 and th e  o th e r  v a r i a b l e  chan g es from  01 to  11.
00 01 10 11 00 01 10 11 ^1 Xl
00 00 00 00 00 00 00 01 10 11 00 11
01 00 01 00 01 01 01 01 11 11 01 10
10 00 00 10 10 10 10 11 10 11 10 01
11 00 01 10 11 11 11 11 11 11 11 00
AND OR COMPLEMENT
F ig u re  4 .1 .  B2xBg R e p r e s e n ta t io n  o f  B oolean  F u n c tio n s
T h is  s o r t  o f  b e h a v io r  i s  h a z a rd  f r e e  in  th e  m u l t ip le - v a lu e d  
s e n s e  o f D e f in i t i o n  4 .2 .  However, when th e  i n d iv id u a l  l e f t  and r i g h t  
m ach in es  a r e  c o n s id e r e d ,  th e  2 - tu p le s  a r e  a d ja c e n t ,  and s t a t i c  h a z a rd  
c o n d i t io n s  e x i s t  f o r  t h e  r i g h t  l o g i c a l  c i r c u i t .  F o r b o th  th e  AND and 
OR f u n c t io n s  th e  r i g h t  c i r c u i t  o u tp u t  e x p e r ie n c e s  an i n te r m e d ia te  0 
l o g i c  v a lu e .  T h is  b e h a v io r  i s  d e s c r ib e d  m ore p r e c i s e l y  by  th e  fo llo w in g  
b in a r y  sy s te m  d e f i n i t i o n s  [3 6 ] .
D e f in i t i o n  4 . 6 .  IVhen a  b in a r y  o u tp u t  i s  to  rem a in  a t  th e  v a lu e  
1 and a m om entary 0 o u tp u t  i s  p o s s ib l e  d u r in g  th e  t r a n s i t i o n  betw een  two 
a d ja c e n t  in p u t  s t a t e s ,  th e  h a z a rd  i s  c a l l e d  a  s t a t i c - o n e - h a z a r d .
D e f in i t i o n  4 . 7 .  When a  b in a r y  o u tp u t  i s  to  rem a in  a t  th e  v a lu e  
0 and a m om entary 1 o u tp u t  i s  p o s s ib l e  d u r in g  th e  t r a n s i t i o n  betw een  two 
a d ja c e n t  in p u t  s t a t e s ,  th e  h a z a rd  i s  c a l l e d  a  s t a t i c - z e r o - h a z a r d .
As d e s c r ib e d  ab o v e , s t a t i c  h a z a rd s  i n  B2XB2 g a te s  r e s u l t  from  
th e  i n h e r e n t  n a tu r e  o f  th e  fo u r - v a lu e d  AND and OR f u n c t i o n s .  I t  i s
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d i f f i c u l t  to  l o g i c a l l y  s o lv e  th is  s o r t  o f  in h e r e n t  o p e r a t io n a l  d i f f i c u l t y  
w ith o u t  in t r o d u c in g  s p e c i a l i z e d  g a te  in p u ts  to  c o n tr o l  th e  i n t e r n a l  
o p e r a t io n  o f  t h e  g a te .  The in t r o d u c t io n  o f  a d d i t io n a l  c o n t r o l  m akes 
th e  e n t i r e  a p p l i c a t i o n  o f  fo u r-v a lu e d  B oo lean  g a te s  m ore e x p e n s iv e  and 
l e s s  o f  an a l t e r n a t i v e .  We w i l l ,  t h e r e f o r e ,  n o t  a tte m p t to  p r o v id e  any 
m ethod o f  c o n t r o l  and w i l l  accep t th e  i n h e r e n t  s t a t i c  h a z a rd  c o n d i t io n  
in  th e  AND and OR g a te s .
S t a t i c  h a z a rd s  a l s o  occur i n  32^ c o m b in a tio n a l c i r c u i t s  f o r  th e  
same c l a s s i c a l  re a s o n s  t h a t  they  o c c u r  i n  b in a r y  c o m b in a tio n a l c i r c u i t s ,  
nam ely th ro u g h  an im b a lan ce  o f s ig n a l  d e la y s  on  d i f f e r e n t  p a th s  o f  th e  
lo g ic  c i r c u i t .  To e x e m p lify  th is  s i t u a t i o n  f o r  th e  B2XB2 sy s te m , a 
b r i e f  a n a ly s i s  w i l l  be  g iv e n  fo r  th e  s t a t i c - o n e - h a z a r d  c a s e .  The 
c i r c u i t  o p e r a t io n  o f  t h e  example i s  s l i g h t l y  c o m p lic a te d  by th e  i n h e r e n t  
h a z a rd  c o n d i t io n  o f  th e  AND and OR g a t e s ,  and th e  in h e re n t  c o n d i t io n  
sh o u ld  b e  d i s t i n g u i s h e d  from  the  c l a s s i c a l  h a z a rd  c o n d it io n s  b e in g  
exam ined . F o r th e  d i s c u s s io n ,  th e  f o u r - v a lu e d  BgxBg c i r c u i t  i s  con­
s id e r e d  a s  r e p r e s e n t in g  b o th  a " l e f t "  and " r i g h t "  b in a ry  c i r c u i t  o r  
m ach ine .
F ig u re  4 .2  shows a  fo u r-v a lu e d  c i r c u i t  t h a t  c o n ta in s  a  s t a t i c -  
o n e -h a z a rd . The o u tp u t  o f  th e  c i r c u i t  i s  g iv e n  by th e  s u m -o f -p ro d u c ts  
e x p re s s io n
Z = (X X Y) +  e x ' X  W) .
The h a z a rd  r e s u l t s  b e c a u se  o f  the  lo n g e r  d e la y  th ro u g h  g a te s  G2 and  G3 
when th e  v a lu e  o f  X chan g es from a  1 to  Q f o r  e i t h e r  th e  l e f t  o r  r i g h t  
c i r c u i t .  T h is  h a s  th e  e f f e c t  of s w itc h in g  fro m  th e  f i r s t  to  th e  second  
term  in  th e  o u tp u t  e x p re s s io n .
65
I n  th e  f o u r -v a lu e d  B2XB2 sy s tem  th e r e  a r e  s e v e r a l  ty p e s  o f  
t r a n s i t i o n s  in  X t h a t  w i l l  e x h ib i t  th e  s t a t i c - o n e - h a z a r d  f o r  th e  l e f t  
a n d /o r  r i g h t  c i r c u i t s .  T h ree  such changes a r e  d e p ic te d  in  th e  s im u la ­
t i o n  r e s u l t s  in  F ig u re  4 .3 .  F o r t h i s  s im u la t io n  = 10 tim e u n i t s  f o r
a l l  g a te s ,  and th e  r i s e / f a l l  tim e  i s  1 tim e  u n i t .  I n i t i a l l y ,  W = X = Y 




W A™ = 10 (A ll G a te s)
Z = (X X Y) + (X’ X W)
F ig u re  4 . 2 .  B2XB2 C i r c u i t  C o n ta in in g  S ta tic -O n e -H a z a rd
by th e  f i r s t  te rm  o f  th e  o u tp u t  e x p re s s io n . The r i g h t  c i r c u i t  h a z a rd  i s  
e x h ib i te d  by X ch an g in g  from  3 to  2 a t  Time 1 . At Time 21 i t  i s  seen  
t h a t  Z d ip s  m o m en ta rily  to  a  v a lu e  o f  2 b e f o r e  r e tu r n in g  to  3 . T h is  
b e h a v io r  shows t h a t  th e  r i g h t  c i r c u i t  s w itc h e s  from  th e  f i r s t  to  second 
term  o f  th e  o u tp u t  e x p re s s io n ,  b u t th e  l e f t  c i r c u i t  rem ains  unchanged . 
The X in p u t  th e n  r e tu r n s  to  a v a lu e  o f  3 a t  Time 5 0 , b u t f o r  t h i s  
t r a n s i t i o n  Z does n o t g l i t c h  s in c e  g a te  G1 i s  a b le  to  sw itc h  to  a  3 
b e fo re  g a te  G3 (node B) d ro p s  to  0 .
The l e f t  c i r c u i t  s ta t i c - o n e - h a z a r d  i s  s l i g h t l y  more com pli­
c a te d .  At Time 100 X d ro p s  to  a  v a lu e  o f  1 . B ecause  X m ust p a ss  
th ro u g h  th e  v a lu e  o f  2 and s in c e  th e  g a te s  a r e  assum ed to  r e a c t  to  t h i s
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SlHAZ.EXl SIMULATION RESULTS:


































































R ig h t C i r c u i t  
* S t a t i c  1 H azard
L e f t  C i r c u i t  
S t a t i c  1 H azard
F ig u re  4 .3 , S im u la tio n  o f  B2XB2 S ta tic -O n e -H a z a rd  C o n d it io n  -  P a r t  1
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SlHAZ.EXl
QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
200 X 3 2 h
201 X 2 1
202 X 1 0
210 NX 0 1
210 A 3 2
211 NX 1 2
211 A 2 1
212 NX 2 3
212 A 1 0
220 B 0 1
220 Z 3 2
221 3 1 2 >
221 Z 2 1
222 3 2 3
222 2 1 0
230 Z 0 1
231 z 1 2
232 Z 2 3 J
250 X 0 1
251 X 1 2
252 X 2 3
260 NX 3 2
260 A 0 1
261 NX 2 . 1
261 A 1 2
262 NX 1 0
262 A 2 3
270 B 3 2
271 B 2 1
272 B 1 0
L e f t  and R ig h t 
C i r c u i t  S t a t i c  1 
H azard
SIMULATION TERMINATED AT TIME 272
F ig u re  4 . 3 .  S im u la tio n  o f BgXBg S ta tic -O n e -H a z a rd  C o n d it io n  -  P a r t  2
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v a lu e ,  b o th  a  l e f t  and r i g h t  s t a t i c - o n e - h a z a r d  c o n d i t io n  o c c u rs  f o r  Z. 
The r i g h t  c i r c u i t  c o n d i t io n  a t  Time 120 a c t u a l l y  r e s u l t s  from  th e  in h e r ­
e n t  s t a t i c  h a z a rd  o f  th e  f o u r -v a lu e d  Gl AND g a te ;  how ever, th e  e f f e c t  on 
Z i s  th e  sam e. At Time 13 2 , th e  l e f t  c i r c u i t  i s  h e ld  a t  1 by term  one 
o f  th e  o u tp u t  e x p r e s s io n ,  and th e  r i g h t  c i r c u i t  i s  h e ld  a t  1 by term  
tw o . When X r e t u r n s  to  3 a t  Time 150, g a te  Gl a g a in  r e a c t s  to  th e  
i n te r m e d ia te  v a lu e  o f  X = 2 , r e s u l t i n g  i n  a  d ip  in  th e  Z o u tp u t .
A l e f t  and r i g h t  c i r c u i t  s ta t i c - o n e - h a z a r d  c o n d i t io n  o c cu rs  
a g a in  when X ch an g es  from  3 to  0 b e g in n in g  a t  Time 200. The v a lu e  o f Z 
i s  s e e n  to  d ro p  to  0 a t  Time 222 b e fo r e  r i s i n g  to  3 a t  Time 232, Both 
th e  l e f t  and r i g h t  c i r c u i t s  a r e  h e ld  a t  Z = 1 by th e  second te rm  of th e  
o u tp u t  e x p r e s s io n .  When X r i s e s  b a c k  to  3 , no e f f e c t  i s  shown i n  Z a s  
b o th  c i r c u i t  h a lv e s  s w itc h  b a c k  to  th e  f i r s t  te rm .
C o r r e c t io n  o f  th e  s t a t i c  h a z a rd  c o n d i t io n s  can  be perfo rm ed  f o r  
^2® c o m b in a tio n a l  c i r c u i t s  i n  th e  same m anner a s  f o r  b in a r y  c i r c u i t s .
I n  th e  b in a r y  c i r c u i t  a d d i t i o n a l  in te r m e d ia te  te rm s a r e  added to  th e  
o u tp u t  e x p re s s io n  to  h o ld  th e  o u tp u t  a t  t h e  p ro p e r  v a lu e  [3 6 ] . For th e  
exam ple ab o v e , th e  a d d i t i o n  o f th e  te rm  (W x Y) to  th e  e x p re s s io n  w i l l  
p r e v e n t  th e  s t a t i c - o n e - h a z a r d  c o n d i t io n s .  The r e s u l t i n g  c i r c u i t  con­
t a i n s  an  a d d i t i o n a l  g a te ,  and th e  OR g a te  has  t h r e e  in p u ts  in s t e a d  of 
tw o . S im u la tio n  o f  t h i s  c i r c u i t  i s  p o s s ib l e ,  b u t  i t  i s  n o t n e c e s s a ry  to  
show th e  r e s u l t s  s i n c e ,  a s  e x p e c te d , th e  new te rm  (Y x  W) w i l l  h o ld  Z to  
a v a lu e  o f 3 f o r  a l l  o f  t h e  p re v io u s  in p u t  c o n d i t io n s .  T hus, th e  s t a t i c -  
o n e -h a z a rd s  a r e  e l im in a te d .
F u r th e r  c l a s s i f i c a t i o n  o f  c o m b in a tio n a l  c i r c u i t  b e h a v io r  
c a n  be  made, b u t  t h i s  i s  beyond th e  sco p e  n e c e s s a ry  f o r  t h i s  w ork.
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R e s u l ts  p r e s e n te d  in  th e  n e x t  c h a p te r  p e rm it freedom  from  t r a n s i e n t  o r 
h a z a rd o u s  c o n d i t io n s  t h a t  o c c u r in  th e  c o m b in a tio n a l c i r c u i t s .  T hese 
c o n d i t io n s  n o rm a lly  have  t h e i r  g r e a t e s t  e f f e c t  on s e q u e n t i a l  c i r c u i t s  
w here th e y  can  f a l s e l y  t r i g g e r  memory e lem en ts and r e s u l t  in  i n c o r r e c t  
c i r c u i t  o p e r a t io n .  By and l a r g e ,  t r a n s i e n t  and h a z a rd  c o n d i t io n s  w i l l  
be o f  o n ly  p a s s in g  c o n c e rn  b e c au se  o f  th e  memory e le m en ts  t h a t  a r e  
d e v e lo p e d . W ith t h i s  in  m ind , th e  c o m b in a tio n a l c i r c u i t  d e s ig n  s p e c i f i ­
c a t io n  i s  c o n s id e re d  n e x t .
D esign  M ethodology
The b in a r y  a d d e r  i s  a h ig h ly  u sed  c o m b in a tio n a l c i r c u i t  and i s  
n e c e s s a ry  in  some form  i n  p r a c t i c a l l y  e v e ry  com puter c e n t r a l  p r o c e s s in g  
u n i t  s in c e  i t  c o m p rise s  a  m ajo r p o r t i o n  o f th e  a r i t h m e t i c  and l o g i c  
u n i t .  In  t h i s  s e c t i o n ,  a  one b i t  B2XB2 m u lt ip le x e d  f u l l  ad d er w i l l  be 
d e s ig n e d . T h is  exam ple w i l l  show th e  u s e  o f  b in a ry  c o m b in a tio n a l d e s ig n  
m ethods f o r  B^^ c o m b in a tio n a l c i r c u i t s .  The b in a r y /q u a te r n a r y  e n co d er 
and d e c o d e r c i r c u i t s  d is c u s s e d  in  C h a p te r  I I  a r e  n o t g iv e n  b u t can  be 
added to  t h i s  o r  any o th e r  c i r c u i t  a s  n e c e s s a ry .
I n  th e  b in a r y  f u l l  a d d e r , d e s ig n a te  th e  in p u ts  a s  A, B and C^, 
w here A and B a r e  th e  s in g l e  b i t  b in a r y  numbers to  b e  added  and i s  
th e  c a r r y  in p u t .  The o u tp u ts  o f th e  c i r c u i t  a r e  th e  sum S and th e  
c a r r y - o u t  C^. The p ro c e d u re  used  f o r  th e  c i r c u i t  d e s ig n  w i l l  b e  th e  
K arnaugh map m ethod , b u t  o th e r  b in a r y ,p r o c e d u r e s ,  such  a s  th e  Q u in e -  
M cCluskey m ethod [3 6 ] ,  can  a l s o  be  em ployed. The im p le m e n ta tio n  w i l l  be 
s t r a ig h t f o r w a r d  and no f u r t h e r  a t te m p ts  a t  m in im a lity  o r  minimum c o s t  
c i r c u i t s  w i l l  be m ade.
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The K arnaugh  map f o r  th e  sum o u tp u t  i s  shown i n  F ig u re  4 .4 ( a ) .  
C i r c l in g  on I ' s  y i e l d s  th e  su m -o f-p ro d u c ts  e x p re s s io n  f o r  S,
S = ( A '- B - C )  + (A 'B '-C ')  + (A '-B '.C )  +  (A-B-C) .
S im i la r ly ,  t h e  K arnaugh map f o r  th e  c a r r y - o u t  i s  shown i n  F ig u re  4 .4 (b )  
and y i e l d s  t h e  s u m -o f-p ro d u c ts  e x p re s s io n
Cq = (A-B) + (B-C) + ( A ' C )  .
Im p lem en ting  th e s e  r e s u l t s  w ith  b in a r y  g a te s ,  th e  c i r c u i t  i n  F ig u r e ,4 .5  
i s  o b ta in e d .
A,B
00 01 11 10
0 
1
0 0  0 © 
(Î) « (D 0
s  = (A '-B -C ')  +  (A -B '-C ')  + (A '-B '-C )  +  (A-B-C) 
(a)
A,B
00 01 11 10
0
1
0 0 1 0
0 ( 1 ( 4 ) 1 )
C = (A-B) + (B-C) + ( A ' C )  
(b)





Figure 4.5. Binary Full Adder Circuit
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D e s ig n in g  th e  s t a t e  i n te g r a t e d  and m u lt ip le x e d  f u l l  a d d e r  d o e s  
n o t  r e q u i r e  a new s y n th e s i s  p ro c e d u re . To c o n v e r t  th e  b in a r y  f u l l  a d d e r  
to  a  B2XB2 f u l l  a d d e r ,  t h e  b in a r y  g a te s  a r e  r e p la c e d  on a o n e - to -o n e  
b a s i s  w ith  th e  c o rre s p o n d in g  f o u r -v a lu e d  B oo lean  g a t e s .  The s w itc h in g  
f u n c t io n s  f o r  t h e  S and o u tp u ts  a r e  i d e n t i c a l  t o  th e  b in a r y  e x p re s ­
s io n s  e x c e p t f o r  n o t a t i o n  o f th e  AND and OR o p e r a t io n s .  A l l  c i r c u i t  
in te r c o n n e c ts  re m a in  th e  sam e, b u t  now e a ch  le a d  i n  th e  c i r c u i t  c a r r i e s  
a  m u lt ip le x e d  f o u r - v a lu e d  s ig n a l  w ith  each  s ig n a l  v iew ed  a s  a  2 - t u p l e .  
The c i r c u i t  i n p u t s  and o u tp u ts  a r e  fo u r - v a lu e d  and s im u lta n e o u s ly  r e p r e ­
s e n t  th e  in p u ts  and o u tp u t  f o r  two b in a r y  f u l l  a d d e r s .  L ik e w ise , th e  
c a r r y - o u t  o p e r a t e s  i n  th e  m u lt ip le x e d  f a s h io n ;  t h a t  i s ,  th e  s ig n a l  
s im u lta n e o u s ly  r e p r e s e n t s  th e  c a r r y - o u t  f o r  b o th  b in a r y  a d d e r s .  T hus, 
i f  C q  = 0 1 ,  t h e  c a r r y - o u t  f o r  th e  l e f t  a d d e r  i s  0  and  th e  c a r r y - o u t  f o r  
th e  r i g h t  a d d e r  i s  1 . I n  o th e r  w o rd s , th e  B2XB2 f u l l  a d d e r  o p e ra te s  a s  
i f  two b in a ry  a d d e r s  w ere each  o p e ra t in g  in d e p e n d e n tly  o f  th e  o th e r .
S im u la t io n  o f  t h e  f o u r -v a lu e d  f u l l  a d d e r  shows t h a t  th e  c i r c u i t  
p e rfo rm s  as  e x p e c te d . A s im u la to r  o u tp u t  f o r  s e le c te d  in p u t  c o n d i t io n s  
i s  g iv e n  in  F ig u re  4 .6 .  I n i t i a l  v a lu e s  f o r  A, B, and  a r e  z e r o .  The 
f i r s t  s t a b l e  sum o u tp u t  o c c u rs  a t  Time 32 . The v a lu e  o f  S r e p r e s e n t s  
th e  sum o f A = 1 and B = 2 w ith  = 0 . The Cq o u tp u t  i s  z e ro  f o r  t h e s e  
in p u t  v a lu e s .  The sum o u tp u t  v a lu e  o f 3 i s  i n t e r p r e t e d  as  a  v a lu e  o f  
one f o r  b o th  t h e  l e f t  and r i g h t  l o g i c a l  b in a r y  a d d e r  c i r c u i t s .  A t Time 
200, B changes to  0 , and th e  S o u tp u t  ch an g es  to  1 . The c a r r y  in p u t ,
C j, i s  a s s e r te d  f o r  th e  r i g h t  l o g i c a l  c i r c u i t  a t  Time 300 w hich  changes 
th e  sum to  z e ro  b u t  p ro d u ces  a  c a r r y - o u t  o f  v a lu e  o n e . The = 1
73
QUATERNARY LOGIC SIMULATOR - QLOSIM
FADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 A 0 1
1 B 0 1
2 B 1 2
21 CO 0 1
21 S 0 1
22 CO 1 0
22 S 1 2
23 S 2 3
31 S 3 2
32 S 2 3
200 B 2 1
201 B 1 0
220 CO 0 1
220 S 3 2
221 CO 1 0
221 S 2 1
230 S 1 0
231 S 0 1
300 Cl 0 1
320 CO 0 1
330 S 1 0
400 A 1 2
420 CO 1 0
420 s 0 1
421 s 1 2
430 s 2 3
500 Cl 1 2
520 CO 0 1
520 s 3 2
521 CO 1 2
530 s 2 1
531 s 1 0
600 A 2 3
600 B 0 1
600 Cl 2 3
601 B 1 2
602 B 2 3
620 CO 2 3
620 s 0 1
621 s 1 2
622 s 2 3
SIMULATION TERMINATED AT TIME 622
Figure 4.6. Simulation of Four-Valued Multiplexed Full Adder
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r e p r e s e n t s  a c a r r y - o u t  f o r  th e  r i g h t  a d d e r  c i r c u i t .  S ubsequen t in p u t  
changes o c c u r  a t  Time 4 0 0 , 500, and 600 and p ro d u ce  v a ry in g  b u t s im i l a r  
r e s u l t s .
C lo s e  s c r u t in y  o f  th e  s im u la to r  o u tp u t  f o r  th e  f u l l  a d d e r  shows 
t h a t  th e  o u tp u ts  o f  th e  c i r c u i t  i n d i c a t e  th e  p re s e n c e  o f t r a n s i e n t  o r  
h a z a rd o u s  c o n d i t io n s .  T h is  i s  e s p e c i a l l y  e v id e n t  in  th e  C q  o u tp u t .
S in ce  th e  c i r c u i t  does n o t  c o n ta in  s t a t i c  h a z a r d s ,  th e  h a z a rd  c o n d i t io n s  
o b se rv e d  m ust be t o l e r a t e d .  As m en tio n ed  p r e v io u s ly ,  th e s e  c o n d i t io n s  
a r e  s i g n i f i c a n t  o n ly  i f  th e y  f a l s e l y  t r i g g e r  a  su b se q u e n t c i r c u i t  o r  i f  
th e  c i r c u i t  o u tp u t  i s  u s e d  p r io r  to  a c h ie v in g  f u l l  s t a b i l i t y .
C o m b in a tio n a l C i r c u i t  Exam ples
I n  t h i s  s e c t i o n ,  s im u la to r  r e s u l t s  f o r  two c o m b in a tio n a l s t a t e  
i n te g r a t e d  and  m u lt ip le x e d  c i r c u i t s  w i l l  b e  g iv e n .  Both c i r c u i t s  a r e  
im p o r ta n t  f o r  th e  b in a ry  c a se  and o c c u r q u i t e  f r e q u e n t ly  in  d i g i t a l  
sy stem  d e s ig n .  The f i r s t  i s  a f o u r - to - o n e  m u l t ip l e x e r  c i r c u i t  t h a t  
g iv e s  i n t e r e s t i n g  r e s u l t s  f o r  th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  c a s e .  
The second  c i r c u i t  i s  t h e  e x te n s io n  of th e  f o u r - v a lu e d  s t a t e  i n t e g r a t e d  
and m u lt ip le x e d  f u l l  a d d e r  to  form  a  fo u r  b i t  s t a t e  i n te g r a t e d  and 
m u lt ip le x e d  r i p p l e - c a r r y  a d d e r .
F ig u re  4 .7  shows th e  c i r c u i t  o f  th e  f o u r - to - o n e  s t a t e  i n t e ­
g r a te d  and m u lt ip le x e d  m u l t ip le x e r  c i r c u i t .  The c i r c u i t  i s  d e r iv e d  
d i r e c t l y  from  o n e - h a l f  o f  a  74153 b in a r y  i n t e g r a t e d  c i r c u i t  [3 7 ] . F o r 
th e  b in a r y  c a s e  th e  c i r c u i t  o p e ra t io n  i s  s im p le . The fo u r  d a ta  i n p u ts  
to  th e  c i r c u i t  a r e  ICO, I C l ,  1C2, and 1C3. The A and B in p u ts  s e l e c t  
one o f  th e  d a ta  i n p u ts  w hose v a lu e  i s  r e f l e c t e d  on  th e  lY o u tp u t ,  










F ig u re  4 .7 .  F o u r-V a lu ed  S ta te  I n te g r a t e d  and M u ltip le x e d  
F o u r-to -O n e  M u lt ip le x e r  C i r c u i t
For th e  f o u r - v a lu e d  s t a t e  in te g r a t e d  and m u lt ip le x e d  c a se , th e  
th e  m u lt ip le x e r  c i r c u i t  o p e r a t io n  i s  more com plex . F i r s t ,  th e  d a ta  
in p u ts  r e p r e s e n t  d a ta  v a lu e s  f o r  th e  l o g i c a l  l e f t  and r i g h t  c i r c u i t  
i n p u ts .  Second, t h e  A and B in p u ts  s im u lta n e o u s ly  s e l e c t  a d a ta  in p u t 
f o r  th e  l e f t  c i r c u i t  and a  d a ta  in p u t  f o r  th e  r i g h t  c i r c u i t .  F in a l ly ,  
th e  E l in p u t  can  s e l e c t i v e l y  e n a b le  o r  d i s a b l e  th e  l e f t ,  r i g h t ,  o r b o th  
l o g i c a l  c i r c u i t s .
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T a b le  4 .1  sum m arizes t h e  fo u r - v a lu e d  m u lt ip le x e r  o p e r a t io n  f o r  
th e  v a r io u s  A and B in p u t  v a lu e s .  I t  i s  assumed in  th e  t a b l e  t h a t  th e  
E l in p u t  w i l l  have a v a lu e  o f  z e ro  i n  o r d e r  to  e n a b le  b o th  t h e  l e f t  and 
r i g h t  c i r c u i t s .  As shown by T a b le  4 .1 ,  i t  i s  p o s s ib le  to  s e l e c t  any 
c o m b in a tio n  o f  d a ta  in p u ts  f o r  t h e  l e f t  and r ig h t  c i r c u i t s  by p ro p e r  
a p p l i c a t i o n  o f  m u lt ip le x e d  A and B in p u t s .  F ig u re  4 .8  g iv e s  a  s im u la to r  
o u tp u t  w h ich  shows th e  v a r io u s  A and B in p u t  com b in a tio n s  and th e
T a b le  4 .1 .  F ou r-V alued  F o u r-to -O n e  M u ltip le x e r  T ru th  T a b le
SELECTOR INPUTS SELECTED INPUTS
B A LEFT CKT. RIGHT CKT.
0 0 ICO ICO
0 1 ICO IC l
0 2 IC l ICO
0 3 IC l IC l
1 0 ICO 1C2
1 1 ICO 1C3
1 2 IC l 1C2
1 3 IC l 1C3
2 0 1C2 ICO
2 1 1C2 IC l
2 2 1C3 ICO
2 3 1C3 IC l
3 0 1C2 1C2
3 1 1C2 1C3
3 2 1C 3 1C2
3 3 1C3 1C3
r e s u l t i n g  lY o u tp u t .  At th e s t a r t  o f  th e s im u la t io n  th e  fo u r  d a ta
i n p u t s ,  ICO th ro u g h  1C3, a r e s e t  to  l o g i c  v a lu es  0 th ro u g h  3 , r e s p e c -
L iv e ly . A l l  p o s s ib le  v a lu e s  f o r  A and B a r e  cycled  th ro u g h  t h e  c i r c u i t .
U sing T a b le  4 .1 ,  i t  can be v e r i f i e d  t h a t th e  f i n a l  c i r c u i t  r e s p o n s e s  a r e
c o r r e c t  f o r  each  in p u t  c o m b in a tio n . B eg in n in g  a t  Time 2000 i n  th e
s im u la t io n  th e  e f f e c t  o f th e E1 in p u t  i s d e m o n s tra ted . N ote t h a t  E l = 1
d i s a b l e s  th e  r i g h t  l o g i c a l  c i r c u i t ,  E l = 2 d is a b le s  th e  l e f t  l o g i c a l
c i r c u i t ,  and E l = 3 d i s a b l e s b o th .
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
MUX.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 E l 3 2
1 IC l 0 1
1 1C2 0 1
1 1C3 0 1
2 E l 2 1
2 1C 2 1 2
2 1C3 1 2
3 1C3 2 3
3 E l 1 0
100 A 0 1
140 lY 0 1
200 A 1 2
240 lY 1 0
300 A 2 3
340 lY 0 1
400 B 0 1
400 A 3 2
401 A 2 1
402 A 1 0
430 lY 1 0
441 lY 0 1
442 lY 1 0
500 A 0 1
540 lY 0 1
600 A 1 2
640 lY 1 0
700 A 2 3
740 lY 0 1
800 B 1 2
800 A 3 2
801 • A 2 1
802 A 1 0
840 lY 1 2
F ig u re  4 .8 .  F ou r-V alued  S ta te  I n t e g r a t e d  and M u ltip le x e d  F o u r-to -O n e
M u lt ip le x e r  S im u la t io n  -  P a r t  1
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
MUX.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
841 lY 2 3
842 lY 3 2
900 A 0 1
940 lY 2 3
1000 A 1 2
1030 lY 3 2
1031 lY 2 1
1041 lY 1 2
1100 A 2 3
1140 lY 2 3
1200 B 2 3
1200 A 3 2
1201 A 2 1
1202 A 1 0
1230 lY 3 2
1231 lY 2 3
1232 lY 3 2
1241 lY 2 3
1242 lY 3 2
1300 A 0 1
1340 lY 2 3
1400 A 1 2
1430 lY 3 2
1431 lY 2 1
1440 lY 1 2
1500 A 2 3
1540 lY 2 3
2000 E l 0 1
2030 lY 3 2
2200 E l 1 2
2230 lY 2 1
2400 E l 2 3
2430 lY 1 0
SIMULATION TERMINATED AT TIME 2430
F ig u re  4 .8 .  F o u r-V a lu e d  S ta te  I n te g r a te d  and M u lt ip le x e d  F o u r-to -O n e  
M u lt ip le x e r  S im u la tio n  -  P a r t  2
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The se co n d  f o u r -v a lu e d  c o m b in a tio n a l c i r c u i t  i n v e s t ig a t e d  i s  
th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  f o u r - b i t  r i p p l e - c a r r y  a d d e r . T h is 
c i r c u i t  i s  form ed by c a sc a d in g  fo u r  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  
f u l l  a d d e r  c i r c u i t s .  The f u l l  a d d e r  o p e r a t io n  was d e m o n s tra te d  in  th e  
p re v io u s  s e c t i o n .  F ig u re  4 .9  shows t h e  in te r c o n n e c t  a rra n g e m e n t f o r  th e  
f o u r - b i t  r i p p l e - c a r r y  a d d e r . CIO i s  t h e  e x t e r n a l  c a r r y  in p u t ,  and C03 
i s  th e  f i n a l  c a r r y  o u tp u t .  The S o u tp u ts  a re  th e  sum o f  th e  A and B, 
in p u ts .
AO BO A1 B1 A2 B2 A3 B3
F u l l F u l l F u l l F u l l
CIO Adder COO C Il A dder COl CI2 Adder C02 CI3 Adder C03
(0) (1) (2) (3)
SO SI S2 S3
F ig u re  4 .9 .  S t a t e  I n te g r a t e d  and M u ltip le x e d  F o u r-V a lu ed
R ip p le -C a r ry  Adder
As im plem en ted  h e r e ,  th e  r i p p l e - c a r r y  a d d e r  c o n ta in s  48 g a te s  
and i s  s im u la te d  w ith  a l l  g a te s  h av in g  a  t r a n s p o r t  d e la y  o f  10 tim e  
u n i t s .  S in c e  a l l  c i r c u i t  in p u t  c o m b in a tio n s  r e s u l t  in  an  e x tre m e ly  
la r g e  num ber, o n ly  s e le c te d  in p u t  v a lu e s  w i l l  b e  s im u la te d .  T ab le  4 .2  
shows s e v e r a l  v a lu e s  o f  i n p u ts  to  th e  r i p p l e - c a r r y  a d d e r  and th e  ex p ec ted  
c i r c u i t  o u tp u t s .  F ig u re  4 .1 0  p r e s e n ts  th e  s im u la to r  o u tp u t .  S im u la tio n  
o f  th e s e  v a lu e s  i s  pe rfo rm ed  a t  th e  tim e  g iv e n  in  T a b le  4 .2  w ith  th e  
CIO in p u t  a p p l ie d  a t  d i f f e r e n t  tim es  f o r  each  A and B in p u t  c o m b in a tio n . 
T hese p a r t i c u l a r  v a lu e s  h ig h l i g h t  th e  p ro p a g a t io n  o f  t h e  i n t e r s t a g e  
c a r r y  v a lu e s  f o r  b o th  th e  l e f t  and r i g h t  l o g i c a l  a d d e r s .
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T a b le  4 .2 .  S e le c te d  In p u ts  and E xpec ted  R e s u l ts  f o r  th e  S t a t e  
I n te g r a t e d  and M u ltip le x e d  R ip p le -C a r ry  Adder
A3-A0 B3-B0 CIO S3-S0 003 TIME
0101 0101 0 1010 0 1
0101 0101 1 1011 0 250
1010 1010 0 0100 1 500
1010 1010 0 0101 1 750
0101 1010 0 n i l 0 1000
0101 1010 1 0000 1 1250
0202 0202 0 2020 0 1500
0202 0202 2 2022 0 1750
2020 2020 0 0200 2 2000
2020 2020 2 0202 2 2250
0202 2020 0 2222 0 2500
0202 2020 2 0000 2 2750
0101 2020 0 2121 0 3000
0101 2020 1 2131 0 3250
1010 2020 0 3030 0 3500
1010 2020 2 3032 0 3750
3030 3030 0 0300 3 4000
3030 3030 3 0303 3 4250
0303 0303 0 3030 0 4500
0303 0303 3 3033 0 4750
The two p re v io u s exam ples i n d i c a t e  t h a t fo u r- -valued  B oolean
c o m b in a tio n a l c i r c u i t s  can  be d e r iv e d  d i r e c t l y  from  b in a r y  c i r c u i t s .
T h is  a b i l i t y  g r e a t l y  s im p l i f i e s  th e  d e s ig n  o f  s t a t e  i n t e g r a t e d  and 
m u lt ip le x e d  c o m b in a tio n a l c i r c u i t s .  The b e h a v io r  o f  th e s e  f o u r - v a lu e d  
c i r c u i t s ,  u n d e r  th e  a ssu m p tio n s  g iv e n  h e r e ,  i s  more c o m p lic a te d  th a n  th e  
b in a r y  c a s e ,  b u t  i t  sh o u ld  be  p o s s ib l e ,  u s in g  th e  q u a te r n a r y  s im u la to r ,  
to  p r e d i c t  th e  c i r c u i t  re s p o n s e . C o m b in a tio n a l c i r c u i t  b e h a v io r  i s  m ost 
a c u te  when th e  c i r c u i t  i s  u sed  w i th in  a  s e q u e n t i a l  c i r c u i t .  T h is  to p ic  
i s  c o v e re d  i n  th e  fo llo w in g  c h a p te r s .
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 AO 0 1
1 BO 0 1
1 A2 0 1
1 B2 0 1
21 SO 0 1
21 S2 0 1
31 SO 1 0
31 S2 1 0
41 SI 0 1
41 S3 0 1
250 CIO 0 1
270 SO 0 1
500 AO 1 0
500 BO 1 0
500 CIO 1 0
500 A1 0 1
500 B1 0 1
500 A2 1 0
500 B2 1 0
500 A3 0 1
500 B3 0 1
520 SO 1 0
520 COS 0 1
540 SI 1 0
540 S2 0 1
540 S3 1 0
750 CIO 0 1
770 SO 0 1
1000 AO 0 1
1000 CIO 1 0
1000 A1 1 0
1000 A2 0 1
1000 A3 1 0
1020 SO 1 0
1020 COS 1 0
1030 SO 0 1
1030 SI 0 1
1030 S2 1 0
1030 SS 0 1
1040 COS 0 1
Figure A.10. Four-Valued State Integrated and Multiplexed
Ripple-Carry Adder Simulation - Part 1
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1050 S2 0 1
1050 S3 1 0
1060 C03 1 0
1070 S3 0 1
1250 CIO 0 1
1280 SO 1 0
1300 SI 1 0
1320 S2 1 0
1330 C03 0 1
1340 S3 1 0
1500 AO 1 2
1500 BO 0 1
1500 CIO 1 0
1500 B1 1 0
1500 A2 1 2
1500 B2 0 1
1500 B3 1 0
1501 BO 1 2
1501 B2 1 2
1520 SO 0 1
1520 S2 0 1
1520 C03 1 0
1521 SO 1 2
1521 S2 1 2
1530 SO 2 3
1530 SI 0 1
1530 S2 2 3
1530 S3 0 1
1531 SO 3 2
1531 S2 3 2
1532 SO 2 1
1532 S2 2 1
1533 SO 1 0
1540 SI 1 0
1540 S2 1 0
1541 SI 0 1
1542 SI 1 2
1542 S3 1 2
1750 CIO 0 1
1751 CIO 1 2
Figure 4.10. Four-Valued State Integrated and Multiplexed
Ripple-Carry Adder Simulation - Part 2
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QUATERNARY LOGIC SIMULATOR -  QLOSIM
RADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1770 SO 0 1
1772 SO 1 2
1791 SI 2 3
1792 SI 3 2
2000 AO 2 1
2000 BO 2 1
2000 CIO 2 1
2000 A1 0 1
2000 B1 0 1
2000 A2 2 1
2000 B2 2 1
2000 A3 0 1
2000 B3 0 1
2001 AO 1 0
2001 BO 1 0
2001 CIO 1 0
2001 A1 1 2
2001 B1 1 2
2001 A2 1 0
2001 B2 1 0
2001 A3 1 2
2001 B3 1 2
2020 SO 2 1
2020 SI 2 3
2020 S2 0 1
2020 C03 0, 1
2020 S3 2 3
2021 SO 1 0
2021 S2 1 0
2021 C03 1 2
2022 SI 3 2
2022 S3 3 2
2031 S I 2 3
2031 S3 2 3
2032 S3 3 2
2040 SI 2 1
2040 S2 0 1
2040 C03 2 3
2040 S3 2 1
2041 SI 1 0
2041 S2 1 2
F ig u re  4 .1 0 . F o u r-V a lu e d  S ta te  I n te g r a t e d  and M u ltip le x e d
Ripple-Carry Adder Simulation - Part 3
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RADDER.EXl
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
2041 C03 3 2
2041 S3 1 0
2060 S2 2 3
2061 S2 3 2
2250 CIO 0 1
2251 CIO 1 2
2270 SO 0 1
2271 SO 1 2
2500 AO 0 1
2500 CIO 2 1
2500 Al 2 1
2500 A2 0 1
2500 A3 2 1
2501 AO 1 2
2501 CIO 1 0
2501 Al 1 0
2501 A2 1 2
2501 A3 1 0
2520 SO 2 1
2520 SI 0 1
2520 S2 2 3
2520 C03 2 1
2520 S3 0 1
2521 SO 1 0
2521 SI 1 0
2521 S2 3 2
2521 C03 1 0
2521 S3 1 0
2530 SO 0 1
2530 SI 0 1
2530 S3 0 1
2531 SO 1 2
2531 S I 1 2
2531 S2 2 1
2531 S3 1 2
2532 S2 1 0
2540 SI 2 3
2540 S2 0 1
2541 SI 3 2
2541 S2 1 0
Figure 4.10. Four-Valued State Integrated and Multiplexed
Ripple-Carry Adder Simulation - Part 4
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
2541 S3 2 3
2542 C03 0 1
2542 S3 3 2
2543 C03 1 2
2550 S2 0 1
2551 S2 1 2
2552 S3 2 1
2553 S3 1 0
2560 C03 2 1
2560 S3 0 1
2561 C03 1 0
2561 S3 1 0
2570 S3 0 1
2571 S3 1 2
2750 CIO 0 1
2751 CIO 1 2
2770 SO 2 3
2771 SO 3 2
2781 SO 2 1
2782 SO 1 0
2791 S I 2 3
2792 S I 3 2
2802 S I 2 1
2803 SI 1 0
2812 S2 2 3
2813 S2 3 2
2823 S2 2 1
2824 S2 1 0
2833 S3 2 3
2834 C03 0 1
2834 S3 3 2
2835 C03 1 2
2844 S3 2 1
2845 S3 1 0
3000 AO 2 1
3000 CIO 2 1
3000 A2 2 1
3001 CIO 1 0
3020 SO 0 1
3020 S2 0 1
1 4 .1 0 . Four-•Valued S ta te  I n t e g r a t e d  and M u ltip le x e d
Ripple-Carry Adder Simulation - Part 5
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RADDER.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
3030 SO 1 0
3031 S2 1 2
3031 SO 0 1
3032 S2 2 3
3040 SI 0 1
3040 C03 2 1
3040 S3 0 1
3041 003 1 0
3041 S3 1 0
3041 SI 1 0
3050 SI 0 1
3050 S3 0 1
3051 S3 1 2
3051 SI 1 2
3060 S2 3 2
3061 S2 2 1
3070 S2 1 0
3071 S2 0 1
3080 S3 2 3
3081 S3 3 2
3250 CIO 0 1
3280 SO 1 0
3290 SI 2 3
3500 AO 1 0
3500 CIO 1 0
3500 A1 0 1
3500 A2 1 0
3500 A3 0 1
3520 S2 1 0
3520 S3 2 3
3530 SI 3 2
3540 S2 0 1
3550 SI 2 3
3560 S2 1 0
3750 CIO 0 1
3751 CIO 1 2
3770 SO 0 1
3771 SO 1 2
4000 CIO 2 1
4000 A1 1 2
F ig u re  4 .1 0 . F ou r-V alued  S t a t e  I n te g r a te d  and M u ltip le x e d
Ripple-Carry Adder Simulation - Part 6
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RADDER.EXl
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
4000 B1 2 3
4000 A3 1 2
4000 B3 2 3
4001 CIO 1 0
4001 Al 2 3
4020 SO 2 1
4020 SI 3 2
4020 S3 3 2
4020 C03 0 1
4021 SO 1 0
4021 SI 2 3
4021 C03 1 2
4021 S3 2 3
4022 C03 2 3
4030 SI 3 2
4030 S3 3 2
4031 SI 2 1
4031 S3 2 1
4032 SI 1 0
4032 S3 1 0
4040 S2 0 1
4041 S2 1 2
4042 S2 2 3
4250 CIO 0 1
4251 CIO 1 2
4252 CIO 2 3
4270 SO 0 1
4271 SO 1 2
4272 SO 2 3
4500 AO 0 1
4500 BO 0 1
4500 CIO 3 2
4500 A1 3 2
4500 B1 3 2
4500 A2 0 1
4500 B2 0 1
4500 A3 3 2
4500 B3 3 2
4501 AO 1 2
F ig u re  4 .1 0 . F ou r-V alued  S ta te  I n te g r a t e d  and M u ltip le x e d
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RADDER.EXl
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
4501 BO 1 2
4501 CIO 2 1
4501 Al 2 1
4501 B1 2 1
4501 A2 1 2
4501 B2 1 2
4501 A3 2 1
4501 B3 2 1
4502 AO 2 3
4502 BO 2 3
4502 CIO 1 0
4502 Al 1 0
4502 B1 1 0
4502 A2 2 3
4502 B2 2 3
4502 A3 1 0
4502 B3 1 0
4520 50 3 2
4520 C03 3 2
4521 50 2 1
4521 C03 2 1
4522 50 1 0
4522 C03 1 0
4540 51 0 1
4540 52 3 2
4540 S3 0 1
4541 51 1 2
4541 52 2 1
4541 53 1 2
4542 51 2 3
4542 52 1 0
4542 S3 2 3
4750 CIO 0 1
4751 CIO 1 2
4752 CIO 2 3
4770 50 0 1
4771 50 1 2
4772 50 2 3
SIMULATION TERMINATED AT TIME 4772
Figure 4.10. Four-Valued State Integrated and Multiplexed
Ripple-Carry Adder Simulation - Part 8
CHAPTER V 
MEMORY ELEMENT DEVELOPMENT 
B eh av io r Model
In  o r d e r  to  c o n s t r u c t  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  seq u en ­
t i a l  c i r c u i t s ,  a  memory e lem en t c a p a b le  o f s im u l ta n e o u s ly  s to r in g  th e  
s t a t e  f o r  two o r  m ore b in a r y  m achines m ust be  d e v e lo p e d . The l o g i c a l  
s t r u c t u r e  o f  su c h  a  d e v ic e  w i l l  b e  i n v e s t i g a t e d .  The b a s ic  o p e r a t io n  o f  
th e  memory e le m e n t m ust a llo w  each  m achine to  s e t  and c l e a r  i t s  l o g i c a l  
p a r t  o f  th e  d e v ic e  in d e p e n d e n tly  o f  th e  o th e r  m a c h in e s . The memory 
e le m en t w i l l  b e  m u l t ip le - v a lu e d ,  and p re v io u s  w ork d e a l in g  w ith  m u l t i ­
s t a b l e s  i s  r e q u i r e d  f o r  th e  developm ent o f th e  s t a t e  i n te g r a t e d  memory 
e le m e n t .
W il ls  [19] h as  p ro p o sed  a  b e h a v io r a l  m odel f o r  m u l t ip le - v a lu e d  
memory e le m e n ts  o r  r - f l o p s .  The m odel, w hich i s  a p p l i c a b l e  to  a  w ide 
v a r i e t y  o f  m u l t i s t a b l e s ,  d e p ic t s  th e  r - f l o p  a s  a  d e v ic e  w hich :
1 . I s  d e f in e d  f o r  any r  > 2;
2 . I s  c a p a b le  o f  rem a in in g  in  any one o f  r  d i s c r e t e  
s t a t e s  when no e x te r n a l  s t im u l i  a r e  a p p l ie d ;
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3 . Can b e  d e s c r ib e d  by some d e t e r m i n i s t i c  n e x t - s t a t e  
a n d /o r  n e x t - o u tp u t  fu n c t io n  o r  t a b le ;
4 . Changes to  i t s  p ro p e r  n e x t - s t a t e  v a lu e  in  a  m anner 
t h a t  can  b e  d e s c r ib e d  as e i t h e r  l e a d in g  edge, l e v e l ,  
t r a i l i n g  e d g e , o r  m a s te r - s la v e  t r i g g e r e d ;
5 . P r e s e n t s  one o r  m ore o u tp u ts  t h a t  change  from  
t h e i r  p r e s e n t - s t a t e  to  t h e i r  n e x t - s t a t e  v a lu e s  in  
a  m o n o to n ie , n o n - in c re a s in g  (o r  n o n - d e c r e a s in g ) ,  
n o n - r e t u r n - to - z e r o  fa s h io n ;
6 . Can b e  d r iv e n  from  any one o f  i t s  s t a b l e  s t a t e s  to  
any  o t h e r  s t a b l e  s t a t e  by th e  a p p l i c a t i o n  o f  e x a c t ly  
one in p u t  change (and  c lo c k in g  c y c le , f o r  sy nch ronous 
d e s i g n s ) ;
7 . R esponds to  in te r m e d ia te  v a lu e s  o f in p u t  a n d /o r  
c lo c k  s ig n a l s  i n  su ch  a f a s h io n  t h a t  i s  r i s e  o r 
f a l l  t im e  in d e p e n d e n t (w i th in  p r a c t i c a l  l i m i t s ) .
A c h ie v in g  th e s e  c h a r a c t e r i s t i c s  i n  a d e v ic e  i s  h ig h ly  d e s i r a b l e  
s in c e  th e y  a r e  c lo s e l y  r e l a t e d  to  the  b e h a v io r  o f b in a r y  f l i p - f l o p s .  As 
su g g e s te d  by W i l l s ,  th e  s i m i l a r i t y  of m u l t ip le - v a lu e d  d e v ic e s  to  th e  
b in a r y  d e v ic e s  i s  h ig h ly  d e s i r a b l e  i f  th e  c i r c u i t  d e s ig n  te c h n iq u e s  o f  
th e  b in a ry  sy stem  can  a l s o  b e  ex tended  to  th e  m u lt ip le - v a lu e d  c a s e .  We, 
t h e r e f o r e ,  w ish  to  m a in ta in  t h i s  idea  i n  th e  developm ent f o r  th e  Bgm 
s t a t e  in te g r a t e d  memory d e v ic e s  and s e q u e n t i a l  c i r c u i t s .
M u lt ip le -V a lu e d  S to rag e  E lem ents
The b a s ic  c ro s s - c o u p le d  RS r - f l o p  s tu d ie d  by  s e v e r a l  a u th o r s  
[1 5 ,1 6 ,1 9 ]  was g iv e n  i n  C h a p te r  I I I  as a s im u la t io n  exam ple. F ig u re  5 .1
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shows th e  same c i r c u i t  a g a in  a lo n g  w ith  an a l t e r n a t e  d e s ig n  u s in g  MIN 
g a te s .  T hese c i r c u i t s  conform  n i c e l y  to  th e  b e h a v io r a l  m odel, b u t  i t  
sh o u ld  be  n o te d  t h a t  th e  c i r c u i t  i s  a sy n ch ro n o u s , so  c o n s e q u e n tly  th e  R 
o r  S in p u ts  m ust n o t change u n t i l  th e  c i r c u i t  i s  s t a b l e .  T h is  r e s t r i c t i o n  
do es  n o t d i s a l lo w  m u l t ip le - v a lu e d  c h a n g es , b u t i t  can  b e  shown f o r  th e  
fo u r - v a lu e d  c a se  t h a t  t r a n s i e n t  in p u ts  can c a u se  c i r c u i t  o s c i l l a t i o n .
T h is  r e s u l t  can be v e r i f i e d  by p e n c i l - a n d - p a p e r  o r  com puter s im u la t io n
w i th  th e  MAX r - f l o p  r e s e t ,  R = S = 0 , and a llo w in g  an  S t r a n s i t i o n  from  
0 to  2 and back  to  0 b e fo r e  th e  c i r c u i t  s t a b i l i z e s  in  s t a t e  Q = 2 . T h is 





F ig u re  5 .1 .  RS r -F lo p  C i r c u i t s
The a d d i t io n  o f a  c lo c k  s ig n a l  a llo w s  th e  c o n s t r u c t io n  o f  th e  
c lo c k e d  RS r - f l o p  and th e  D -ty p e  r - f l o p .  Both d e s ig n s  a r e  g iv en  in  
F ig u re  5 .2 .  In  g e n e ra l ,  c lo c k e d  r - f l o p s  o p e ra te  w ith  a  b in a ry  c lo c k .
F o r th e  fo u r -v a lu e d  c a s e ,  th e  c lo c k  i s  a c t i v e  o r  a s s e r t e d  o n ly  a t  th e  
lo g i c  l e v e l  o f 3 . The i n a c t i v e  c lo c k  l e v e l  i s  0 , and th e  lo g ic  l e v e l s  1 
and  2 sh o u ld  be t r a n s i t i o n  l e v e l s  o n ly  to  a v o id  im p ro p er r - f l o p  o p e r­









Figure 5.2. Clocked Four-Valued r-Flops
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O th e r r - f l o p s  have b een  s tu d ie d  [ 1 7 ,1 8 ,1 9 ] ,  b u t  th o s e  g iv e n  th u s  f a r  a re  
s u f f i c i e n t  f o r  th e  p u rp o se s  h e r e .
S t a te  I n te g r a t e d  S to ra g e  E lem en ts 
The RS r - f l o p  o p e r a t io n  n e c e s s a r y  f o r  s t a t e  i n t e g r a t e d  and 
m u lt ip le x e d  s e q u e n t i a l  c i r c u i t s  i s  v e r y  s im i l a r  to  th e  RS r - f l o p  g iv e n  
a b o v e . The n e x t - s t a t e  t a b l e  f o r  t h e  f o u r - v a lu e d  s t a t e  i n t e g r a t e d  r - f l o p ,  
how ever, d i f f e r s  s l i g h t l y  and  i s  g iv e n  i n  F ig u re  5 .3 .  The f o u r - v a lu e d  
s t a t e  i n te g r a t e d  RS r - f l o p  s im u l ta n e o u s ly  s to r e s  th e  s t a t e  f o r  b o th  th e  
l e f t  and r i g h t  b in a ry  m ach in es  and m u st re sp o n d  to  th e  R and S in p u ts  
a c c o r d in g ly .  For c o n v e n ie n c e , th e  n e x t - s t a t e  t a b l e  u s e s  th e  e le m e n ts , 
a l th o u g h  th e  a c t i o n  r e p r e s e n t s  th e  BgxBg sy s te m . Dashed e n t r i e s  r e p r e s e n t  
am biguous o r  u n d e s i r a b le  i n p u t  c o n d i t io n s  a n a lo g o u s  to  th e  b in a r y  c a s e .
To d i s t i n g u i s h  th e  s t a t e  i n t e g r a t e d  r - f l o p  from  p r e v io u s ly  s tu d ie d  
ty p e s ,  th e  term  S IM -flop  w i l l  be u s e d .
Q (t)
Q (t+ 1 )
RS RS RS RS
00 01 02 03 10 11 12 13 20 21 22 23 30 31 32 33
0 0 1 2 3 0 - 2 0 1 — — 0 "  — —
1 1 1 3 3 0 - 2 1 1 — - 0 — — —
2 2 3 2 3 2 - 2 0 1 — — 0 — — -
3 3 3 3 3 2 - 2 1 1 -  - 0 “  —
F ig u re  5 .3 .  S t a te  I n te g r a t e d  RS SIM -Flop N e x t-S ta te  T a b le
A n a ly z a tio n  o f  th e  S IM -flo p  n e x t - s t a t e  t a b l e  r e v e a l s  s e v e r a l  
a s p e c t s  o f  th e  o p e ra t in g  b e h a v io r  r e q u i r e d  o f th e  c i r c u i t  im p le m e n ta tio n . 
The s i g n i f i c a n t  c h a r a c t e r i s t i c  i s  t h a t  th e  RS S IM -flop  m ust be  s e ta b l e
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and r e s e t a b l e  in d e p e n d e n tly  f o r  b o th  th e  l e f t  and r i g h t  m ac h in es . F o r 
exam ple, i f Q = 0 ,  R = S = 0 ,  and th e  s e t  in p u t  ch an g es from  0 to  2 , 
i n d i c a t i n g  t h a t  th e  l e f t  m achine i s  to  b e  s e t ,  th e  S IM -flop  m ust change 
to  s t a t e  Q = 2 . I f  th e  S in p u t  th e n  r e t u r n s  to  0 , th e  S IM -flop  sh o u ld  rem ain  
i n  s t a t e  Q = 2 . T h is  a c t i o n  m ust o c c u r  ev en  th o u g h  th e  s e t  in p u t  p a s s e s  
th ro u g h  th e  l o g i c  v a lu e  o f 1 w i th  a t  l e a s t  one g a te  r e a c t i n g  to  t h i s  
v a lu e .  A n o th e r  exam ple o f th e  in d ep e n d e n c e  o f  c i r c u i t  a c t i o n  o c c u rs  
when th e  S IM -flo p  i s  in  s t a t e  Q = 1 ( r i g h t  m achine s e t )  w i th  R = S = 0 . 
Assum ing th e  r i g h t  m ach ine  i s  to  b e  r e s e t  and th e  l e f t  m achine i s  to  be  
s e t ,  R m ust ch an g e  from  0 to  1 , and S m ust change  from  0 to  2 . Even i f  
th e  R and S c h a n g es  o c c u r  s im u l ta n e o u s ly ,  th e  f i n a l  S IM -flop  s t a t e  
sh o u ld  be Q = 2 . N ote  t h a t  th e  a t - r e s t  o r  n o -c h a n g e  s t a t e  o f  th e  
i n p u ts  o c c u r  f o r  R = S = 0.
C i r c u i t  im p le m e n ta tio n  f o r  th e  RS S IM -flop  r e q u i r e s  a b a s ic  
a sy n ch ro n o u s  c i r c u i t  from  w hich o th e r  ty p e s  o f  S IM -flo p s  ca n  be con­
s t r u c t e d .  F o llo w in g  th e  b in a r y  f l i p - f l o p  d e s ig n ,  a  s im p le  c ro s s - c o u p le d  
q u a te r n a r y  NOR g a te  c i r c u i t  i s  a  r e a s o n a b le  s p e c i f i c a t i o n .  Such a 
c i r c u i t  i s  g iv e n  i n  F ig u re  5 .4 .  The n e x t - s t a t e  t a b l e  f o r  th e  c i r c u i t  
was g iv e n  i n  F ig u re  5 .3 .  The n e x t - s t a t e  e q u a t io n  f o r  th e  c i r c u i t  i s  
s im i l a r  to  t h e  b in a r y  c ro s s - c o u p le d  NOR f l i p - f l o p ,  and i s  g iv e n  a s
q  = R ' X Cq + S) ,
w here Q i s  t h e  n e x t - s t a t e  and q i s  th e  p r e s e n t - s t a t e .  A lthough  th e  
c i r c u i t  i s  q u i t e  s im p le ,  i t s  a c t i o n  u n d e r th e  a ssu m p tio n s  g iv e n  in  
C h a p te r  I I I  a r e  n o t  a s  e x p e c te d .
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S im u la tio n  r e s u l t s  f o r  th e  c i r c u i t  i n  F ig u re  5 .4  r e v e a l  th a t  
th e  m u l t ip le - v a lu e d  i n to l e r a n c e  o f  th e  NOR g a te  p ro d u c e s  c i r c u i t  o s c i l l a ­
t i o n  f o r  c e r t a i n  m u l t ip le - v a lu e d  in p u t  t r a n s i t i o n s .  T h is  c i r c u i t  a c tio n  
i s  c l e a r l y  e v id e n t  i n  t h e  QLOSIM s im u la to r  t a b u l a r  r e p o r t  shown in  





F ig u re  5 .4 .  C ross-C oup led  NOR G ate  RS SIM -Flop
s t a t e  Q = 0 w ith  R = S = 0 . B oth  NOR g a te  d e la y s  a r e  10 tim e  u n i t s ,  and 
th e  r i s e / f a l l  tim e i s  1 tim e  u n i t .  When th e  S in p u t  chan g es from  0 to 
2 , b e g in n in g  a t  tim e  1 , th e  c i r c u i t  i s  th row n  in to  o s c i l l a t i o n .  The 
r e p e t i t i v e  o s c i l l a t i o n  p a t t e r n s  a r e  in d ic a te d  in  t h e  f i g u r e .  I n  v io la ­
t i o n  o f th e  fu n d a m e n ta l mode o p e r a t io n ,  th e  S in p u t  r e t u r n s  to  0 a t  time 
150, b u t th e  c i r c u i t  c o n t in u e s  to  o s c i l l a t e .  Of c o u r s e ,  t h i s  ty p e  of 
o p e r a t io n  c a n n o t b e  t o l e r a t e d ,  even  though  an  a c tu a l  r e a l i z a t i o n  o f  the 
c i r c u i t  m igh t a c tu a l l y  damp th e  o s c i l l a t i o n  and f o r c e  th e  S IM -flop  in to  
a  s t a b l e  s t a t e .  H ow ever, i f  damping o c c u rs ,  th e  f i n a l  s t a t e  i s  n o t 
d e te r m i n i s t i c  and c o u ld  b e  d i f f e r e n t  f o r  each  p h y s ic a l  copy o f  th e  
c i r c u i t .
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QUATERNARY LOGIC SIMULATOR - QLOSIM
SRSFF.EXl SIMULATION RESULTS:












































O s c i l l a t i o n  
C ycle  1
O s c i l l a t i o n  
C ycle  2
O s c i l l a t i o n  
C ycle  5
SIMULATION TERMINATED AT TIME 180
Figure 5.5. Simulation of NOR Gate RS SIM-Flop
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A ttem p ts  a t  c o r r e c t in g  th e  c i r c u i t  b e h a v io r  by  a l t e r i n g  and 
im b a la n c in g  th e  e le m en t t r a n s p o r t  d e la y s  have been  u n s u c c e s s f u l ,  due 
p r im a r i ly  to  th e  f a c t  t h a t  each  g a te  c o n tin u e s  to  r e a c t  to  e a ch  lo g ic  
l e v e l .  Im b a lan c in g  th e  feedback  p a th  d e la y s  h a s  a ls o  p ro v en  u n s u c c e s s ­
f u l .  F o r th e s e  r e a s o n s ,  t h i s  b a s ic  c ro s s - c o u p le d  NOR g a te  a rra n g e m e n t 
w i l l  b e  abandoned.
As m en tio n ed  p r e v io u s ly ,  th e  n e x t - s t a t e  t a b l e  f o r  th e  f o u r ­
v a lu e d  RS S IM -flop  i s  s im i la r  to t h a t  g iv en  f o r  th e  f o u r -v a lu e d  r - f l o p ,  
d i f f e r i n g  i n  v a ry in g  d e g re e s  in  th e  colum ns u n d e r  th e  RS = 01, RS = 02, 
RS = 10 , RS = 20, and RS = 11 in p u ts .  See F ig u re s  3 .1 5  and 5 .3 .  The 
RS = 11 in p u t  i s  a c t u a l l y  i n v a l id  o r u n d e s i r a b le  f o r  th e  f o u r - v a lu e d  RS 
S IM -flo p  b u t  n o t f o r  th e  RS r - f l o p .  The u n d e s i r a b le  in p u t  c o n d i t io n  fo r  
th e  S IM -flo p  does n o t  im ply  th a t  th e  c i r c u i t  h a s  no o u tp u t ,  b u t  s im p ly  
means t h a t  th e  o u tp u ts  a r e  u n d e fin ed  o r  m e a n in g le ss  in  an o p e r a t io n a l  
s e n s e .
T hese o b s e rv a t io n s  su g g e s t t h a t  th e  f o u r - v a lu e d  RS r - f l o p  may 
be  a d a p te d  o r  m o d if ie d  to  g iv e  th e  p ro p e r  c i r c u i t  b e h a v io r .  In d e e d , 
t h i s  i s  th e  c a s e . The c i r c u i t  g iv en  i n  F ig u re  5 .6  u t i l i z e s  th e  c r o s s ­
c o u p le d  fo u r -v a lu e d  MAX g a te s  h ic h  a r e  m o d if ie d  by th e  a d d i t io n  o f  
f o u r - v a lu e d  OR g a t e s ,  t h a t  a r e  co u p led  in to  th e  fee d b a c k  lo o p s .  A lthough  
t h i s  RS S IM -flop  c i r c u i t  ap p ears  d i f f e r e n t ,  i t  i s  p o s s ib l e  to  show th a t  
th e  c i r c u i t  i s  a l g e b r a i c a l l y  e q u iv a le n t  to  th e  p re v io u s  c ro s s - c o u p le d  
NOR S IM -flo p , t h a t  i s ,  th e  c i r c u i t ' s  n e x t - s t a t e  q u a tio n  an b e  red u ced  to
Q = R' X (q 4- S) , 




F ig u re  5 .5 .  M od ified  RS SIM -Flop C i r c u i t  
To show t h i s  r e s u l t ,  f i r s t  n o te  t h a t  th e  fo llo w in g  r e l a t i o n s h i p s
h o ld ,
A = q ’ + R 
B = q + S 
q ' = (q V B ) '
Q = (q* V A ) ' .
S u b s t i t u t i n g  f o r  A i n  th e  l a s t  e q u a tio n ,
Q = [ q ' V ( q ' -i- R)] ’ .
From th e  r e s u l t s  o f  C h a p te r  I I I ,  i t  i s  known t h a t
q' V (q’ + R) = q' 4-  R .
A pply ing  t h i s  r e s u l t ,
Q = ( q ’ + R ) ' 
and s u b s t i t u t i o n  f o r  q ' g iv e s
Q = [ (q  V B ) ' +  R]' .
S u b s t i t u t i n g  f o r  B,
Q = { [q V (q  +  s ) ]  ' 4- R}' .
A gain , a p p ly in g  th e  r e s u l t s  from C h a p te r  I I I ,
Q = [ (q  + S ) ' -i- R ] ' .
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U sing  D eM organ 's Theorem ,
Q = (q + S) X R’ 
and Q = R' x  (q 4- S) ,
w hich i s  th e  same n e x t - s t a t e  e q u a t io n  as b e f o r e .  T h e re fo re ,  t h e  two 
S IM -flop  ty p e s  a r e  a l g e b r a i c a l l y  e q u iv a le n t .  I t  i s  i n t e r e s t i n g  to  n o te  
t h a t  th e  same a lg e b r a i c  r e s u l t  h o ld s  fo r  th e  e q u iv a le n t  b in a r y  f l i p - f l o p
in  w hich th e  MAX becom es a NOR g a te .  In  th e  b in a r y  sy stem  th e  MAX and 
NOR g a te s  a r e  i d e n t i c a l ,  and t h e  r e s u l t i n g  f l i p - f l o p  c i r c u i t  i s  h ig h ly  
red u n d a n t b u t  p ro d u c e s  th e  sam e f u n c t io n a l  r e s u l t .
A lth o u g h  e q u iv a le n t  a lg e b r a i c a l l y  to  th e  c i r c u i t  i n  F ig u re  5 .4 ,  
th e  m o d if ie d  S IM -flo p  p ro d u ce s  s u p e r io r  b e h a v io r a l  c h a r a c t e r i s t i c s .  
S im u la tio n  r e s u l t s  f o r  t h i s  S IM -flo p  show t h a t  t h e  p r e v io u s ly  o b se rv e d  
o s c i l l a t o r y  c o n d i t io n s  a r e  s u p p re s s e d . F ig u re  5 .7  g iv e s  th e  same 
s im u la t io n  c o n d i t io n s  as  b e f o r e  in  w hich S ch an g es  from  0 to  2 . C le a r ly ,  
th e  m o d if ie d  S IM -flo p  re a c h e s  a  s t a b l e  s t a t e  Q = 2 as r e q u i r e d  by  th e  
n e x t - s t a t e  t a b l e .  At tim e  1 5 0 , S r e tu r n s  to  0 . E x cep t f o r  a f i n a l  
1 - to -O  0 - t o - l  t r a n s i t i o n  on th e  Q o u tp u t,  th e  s t a b i l i t y  o f  th e  S IM -flo p  
i s  e v id e n t .  The im p l ic a t i o n  o f  th e  Q b e h a v io r  w i l l  be  d is c u s s e d  l a t e r .
To g iv e  a  b e t t e r  id e a  o f  th e  S IM -flop  b e h a v io r ,  a more d e t a i l e d  
s im u la t io n  o f  th e  c i r c u i t  i s  g iv e n  in  F ig u re  5 .8 .  In  t h i s  s im u la t io n  
b o th  th e  R and S in p u t s  a r e  s t im u la te d ,  som etim es s im u lta n e o u s ly  f o r  th e  
l e f t  and r i g h t  l o g i c a l  m a c h in e s . The S IM -flop  i s  i n i t i a l i z e d  i n  s t a t e  Q 
= 0 w ith  R = S = 0 . At Time 1 ,  S changes from 0 t o  2 w hich  s e t s  th e  l e f t  
m ach ine , Q = 2 a t  Time 42 . S th e n  r e tu r n s  to  0 . A t Time 200, b o th  S 
and R change v a lu e s  w ith  S g o in g  from  0 to  1 and R g o in g  from  0 to  2 .
T h is in p u t  c o m b in a tio n  r e p r e s e n t s  th e  r i g h t  m ach ine  b e in g  s e t  and  th e
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SRSFF.EX2 SIMULATION RESULTS;
TIME NODE PREV. VALUE NEW VALUE
1 S 0 1
2 S 1 2
21 NQ 3 2
22 NQ 2 1
41 Q 0 1
42 Q 1 2
61 NQ 1 0
62 NQ 0 1
150 S 1 0
151 S 1 0
170 NQ 1 0
171 NQ 0 1
SIMULATION TERMINATED AT TIME 181
F ig u re  5 .7 .  S im u la tio n  o f  F ou r-V a lued  RS SIM -Flop
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l e f t  m achine b e in g  r e s e t .  The f i n a l  s t a t e  sh o u ld  be Q = 1 , and t h i s ,  
in d e e d , i s  th e  r e s u l t  a t  Time 262. A f te r  R and S r e t u r n  to  0 , S changes 
to  a v a lu e  o f  3 , l e a v in g  th e  c i r c u i t  i n  s t a t e  Q = 3 a t  Time 442. F i n a l l y ,  
R r e s e t s  b o th  m a c h in e s , and th e  s im u la t io n  te r m in a te s  a t  Time 702 w ith  
Q = 0 .
A lth o u g h  f a v o r a b le  o p e ra t io n  o f  th e  RS S IM -flop  i s  ac h ie v e d  f o r  
th e  s im u la t io n  a b o v e , n o t  a l l  v a l i d  in p u t  t r a n s i t i o n s  c a u se  a c c e p ta b le  
o p e r a t io n .  Two p a r t i c u l a r  R and S in p u t  t r a n s i t i o n s  c a u se  o s c i l l a t i o n  
to  o c c u r  when t h e  t r a n s p o r t  d e la y s  o f  th e  OR g a te s  a r e  e q u a l .  The two 
c a s e s  f o r  w h ich  th e  o s c i l l a t o r y  c o n d i t io n s  o c c u r  a r e  (1 ) when Q = 2 and 
R changes from  0 to  2 and S changes s im u l ta n e o u s ly  from  2 to  0 , and (2) 
when Q = 1 and R ch an g es  from  2 to  0 and S ch an g es s im u lta n e o u s ly  from  0 
to  2 . B oth  c o n d i t io n s  a r e  c o r r e c ta b le  by  m aking th e  OR g a te  t r a n s p o r t  
d e la y  v a lu e s  u n e q u a l , e . g . ,  th e  G1 v a lu e  can  be 11 and  th e  02 A  ̂
v a lu e  can  be  1 0 . When th e  R and S in p u t  ch an g es a r e  s e p a r a te d  in  tim e  
by m ore th a n  t h e  OR g a t e s '  A^ v a lu e ,  a ssum ing  th e  A ^ 's  a r e  e q u a l, o s c i l ­
l a t i o n  w i l l  n o t  o c c u r  p ro v id e d  th e  o r d e r in g  o f  th e  in p u t  changes i s  
c o r r e c t .  T ha t i s ,  f o r  th e  f i r s t  c a se  c i t e d  ab o v e , R m ust f i r s t  change 
from  0 to  2 fo llo w e d  by th e  change in  S a t  l e a s t  A^+1 tim e  u n i t s  l a t e r ,  
w here  A^ i s  th e  t r a n s p o r t  d e la y  o f  th e  OR g a t e s .  F o r th e  second c a s e ,  
th e  same r e l a t i o n s h i p  i s  t r u e  e x c ep t t h a t  th e  t im in g  f o r  R and S i s  
in te r c h a n g e d .
The a p p l i c a t i o n  o f th e  RS S IM -flop  i n  s e q u e n t i a l  c i r c u i t s  m ust
\
be  exam ined c l o s e l y  to  i n s u r e  t h a t  th e  o s c i l l a t i o n  c o n d i t io n s  d is c u s s e d  
above do n o t  j e o p a r d iz e  no rm al c i r c u i t  b e h a v io r .  The QLOSIM s im u la to r  
i s ,  o f  c o u rs e ,  a v a i l a b l e  to  i n v e s t i g a t e  th e s e  p o s s i b i l i t i e s ,  and , i f
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QUATERNARY LOGIC SIMULATOR - QLOSIM
SRSFF.EX3 SIMULATION RESULTS :
TIME NODE PREV. VALUE NEW VALUE
1 S 0 1
2 S 1 2
21 NQ 3 2
22 NQ 2 1
41 Q 0 1
42 Q 1 2
61 NQ 1 0
62 NQ 0 1
100 S 2 1
101 S 1 0
120 NQ 1 0
121 NQ 0 1
200 S 0 1
200 R 0 1
201 R 1 2
220 NQ 1 0
221 Q 2 1
222 Q 1 0
240 Q 0 1
241 NQ 0 1
242 NQ 1 2
261 Q 1 0
262 Q 0 1
300 S 1 0
300 R 2 1
301 R 1 0
320 Q 1 0
321 Q 0 1
400 s 0 1
401 s 1 2
402 s 2 3
421 NQ 2 1
422 NQ 1 0
441 Q 1 2
442 Q 2 3
500 s 3 2
501 s 2 1
502 s 1 0
Figure 5.8. Detailed Simulation of Four-Valued RS SIM-Flop - Part 1
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QUATERNARY LOGIC SIMULATOR - QLOSIM
SRSFF.EX3 SIMULATION RESULTS:
[ME NODE PREV. VALUE NEW VALUE
600 R 0 1
601 R 1 2
602 R 2 3
620 Q 3 2
621 Q 2 1
622 Q 1 0
640 NQ 0 1
641 NQ 1 2
642 NQ 2 3
700 R 3 2
701 R 2 1
702 R 1 0
SIMULATION TERMINATED AT TIME 702
F ig u re  5 .8 .  D e ta i le d  S im u la tio n  o f  F o u r-V a lu ed  RS SIM -Flop -  P a r t  2
n e c e s s a ry ,  a s p e c i f i c  c i r c u i t  em ploying th e  S IM -flop  can b e  " tu n e d "  to  
p ro v id e  p ro p e r  r e s p o n s e .
The re m a in in g  c o m b in a tio n s  o f  RS S IM -flop  in p u ts  can be shown 
to  y i e ld  p ro p e r  S IM -flop  o p e r a t io n s  u s in g  b a la n c e d  OR g a te  t r a n s p o r t  
d e la y s .  T h e re  a r e ,  how ever, o th e r  c h a r a c t e r i s t i c s  o f  th e  RS SIM -flop  
t h a t  r e q u i r e  i n v e s t i g a t i o n .  The m echan ics o f  th e  s t a b i l i t y  a re  n ec ­
e s s a r y ,  and th e s e  h e lp  to  u n d e rs ta n d  why th e  g l i t c h e s  o c c u r  on th e  Q 
a n d /o r  Q o u tp u t s .  For exam ple, i n  F ig u re  5 .7  a  g l i t c h  a p p e a re d  on th e  Q 
o u tp u t  a s  th e  S in p u t  changed from  2 to  0 . Knowing t h a t  t h e  g a te s  r e a c t  
to  a l l  in te r m e d ia te  t r a n s i t i o n s ,  th e  G2 OR g a te  i n  F ig u re  5 .6  w i l l  r e a c t  
to  th e  in te r m e d ia te  v a lu e  o f  1 on th e  S i n p u t .  S in c e  th e  Q in p u t  i s  2, 
th e  G2 o u tp u t  i s  te m p o ra r i ly  a  3 and c a u se s  a  change in  t h e  o u tp u t  o f  th e  G4
MAX g a te .  The G4 r e a c t io n  o c c u rs  f o r  o n ly  one tim e  u n i t  and  i s  a  1 -to -O  
0 - t o - l  t r a n s i t i o n .  The S IM -flop  rem a in s  s t a b l e ,  how ever, b e c a u se  th e  G1 
OR g a te  t r a n s p o r t  d e la y  b u f f e r s  th e  Q g l i t c h  and p r e v e n ts  i t  from
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a f f e c t i n g  th e  Q o u tp u t .  B e fo re  t h e  Gl g a te  r e a c t s  to  th e  Q i n p u t ,  Q h as  
r e tu r n e d  to  1 and p re v e n ts  th e  Gl o u tp u t  fro m  a f f e c t i n g  G3. T hus, th e  Q 
s id e  o f  th e  RS S IM -flo p  rem ain s  s t a b l e .  The c r i t e r i a  f o r  s t a b i l i t y  i s  
t h a t  t h e  OR g a te  t r a n s p o r t  d e la y  m ust b e  g r e a t e r  th a n  th e  s ig n a l  r i s e / f a l l  
t im e . T h is  i s  a  c o n s e r v a t iv e  re q u ire m e n t  and  sh o u ld  be t r u e  f o r  m ost 
e l e c t r o n i c  d e v ic e s .
The t o l e r a n c e  o f  th e  RS S IM -flo p  to  s h o r t  d u r a t io n  in p u t  
g l i t c h e s  o r  t r a n s i e n t s  i s  a n o th e r  i n t e r e s t i n g  c h a r a c t e r i s t i c .  T h is  ty p e  
o f  t r a n s i e n t  in p u t  i s  in  v i o l a t i o n  o f  t h e  fu n d a m e n ta l mode o f o p e r a t io n ,  
b u t a s y n c h ro n o u s  s e q u e n t i a l  c i r c u i t s  may e x i s t  i n  w hich t h i s  a c t i o n  w i l l  
o c c u r . A lth o u g h  a c t u a l  p h y s ic a l  d e v ic e  c h a r a c t e r i s t i c s  may d i f f e r  from
QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SFF.EX4 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 S 0 1
2 S 1 2
10 S 2 1
11 S 1 0
11 B 0 1
12 B 1 2
20 B 2 1
21 B 1 0
21 NQ 3 2
22 NQ 2 1
30 NQ 1 2
31 NQ 2 3
31 A 3 2
32 A 2 1
40 A 1 2
41 A 2 3
SIMULATION TERMINATED AT TIME 41
Figure 5.9. RS SIM-Flop Transient Behavior Simulation
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t h e  a ssu m p tio n s  made h e r e ,  t h e  t r a n s i e n t  in p u t  t o le r a n c e  o f  th e  RS SIM- 
f lo p  i s  n e v e r th e le s s  a  u s e f u l  to p ic  and h e lp s  to  p r e d i c t  i t s  b e h a v io r  in  
l a r g e r  s e q u e n t i a l  c i r c u i t s .
F ig u re  5 .9  shows t h e  r e s u l t  o f  a s h o r t  s im u la t io n  in  w hich th e  
S in p u t  to  th e  RS S IM -flo p  i s  changed from  0 to  2 and b a c k  to  0 b e fo re  
t h e  S IM -flop  h as  f u l l y  re sp o n d e d  to  th e  i n i t i a l  0 to  2 t r a n s i t i o n .  The 
S IM -flop  i s  i n i t i a l l y  i n  s t a t e  Q = 0 and th e  r i s e / f a l l  t im e  d e la y  i s  one 
tim e  u n i t .  A l l  g a te  t r a n s p o r t  d e la y s  a r e  10 tim e  u n i t s .  A lthough th e  
c i r c u i t  re sp o n d s  to  t h e  t r a n s i e n t  in p u t  on node S, th e  s t a t e  o f  th e  SIM- 
f lo p  rem ain s  u n ch an g ed . The r a t i o  o f r i s e / f a l l  tim e  to  th e  t r a n s p o r t  
d e la y  o f  th e  Gl OR g a t e  i s  a g a in  a c r i t i c a l  a s p e c t  o f  t h e  S IM -f lo p 's  
s t a b i l i t y ,  i . e . ,  i f  t h e  S in p u t  t r a n s i e n t ,  i n c lu d in g  r i s e / f a l l  tim e , 
do es  n o t exceed  th e  Gl OR g a te  t r a n s p o r t  d e la y ,  th e  RS S IM -flop  w i l l  
rem ain  s t a b l e .
I f  th e  S in p u t  t r a n s i e n t  d u r a t io n  e x c ee d s  th e  G l OR g a te  
t r a n s p o r t  d e la y  b u t  i s  l e s s  th a n  th e  l a t c h  tim e  o f  th e  c i r c u i t ,  th e  RS 
SIM -flop  i s  u n s ta b le  and w i l l  o s c i l l a t e .  S im u la tio n  r e s u l t s  f o r  t h i s  
c o n d i t io n  can  be sum m arized a s  f o l lo w s . L e t Tg b e  th e  t r a n s i e n t  d u r a t io n  
on in p u t  node S. F u r th e r ,  l e t  (CL) b e  th e  t r a n s p o r t  d e la y  o f  th e  i t h  
g a te  in  F ig u re  5 .6  and  l e t  be th e  t o t a l  r i s e / f a l l  t im e  o f th e  S
in p u t .  An u n s ta b le  c o n d i t io n  e x i s t s  f o r  th e  RS S IM -flop  i f
A^(Gl) < Tg < {[A^CGg) + A?(G4) + A^(Gl)] + A ^ g  +  1} .
I f  Tg ex ceed s th e  r i g h t  hand s id e  o f  th e  r e l a t i o n  above , a  s ta b le  
c o n d i t io n  e x i s t s  and th e  RS S IM -flop  w i l l  change s t a t e  n o rm a lly .
W ith t h i s  c h a r a c t e r i z a t i o n  o f  th e  RS S IM -flop  e s ta b l i s h e d ,  
o th e r  S IM -flop  ty p e s  can  b e  s p e c i f i e d .  U sing  t h e  RS S IM -flop  as  a
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F ig u re  5 .1 0 . F our-V alued  C locked RS SIM -Flop
C lo c k
D
Figure 5.11. Four-Valued D-Type SIM-Flop
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b a s i s ,  th e  c lo c k e d  RS and D -type  S IM -flops a r e  s im p le  e x te n s io n s .  
C i r c u i t s  f o r  th e s e  two S IM -flo p s a re  shown in  F ig u re  5 .1 0  and F ig u re
5 .1 1 . Both o f th e s e  fo u r - v a lu e d  S IM -flops p o s s e s s  c lo c k  in p u ts  t h a t  a r e  
t r u e  m u lt ip le -v a lu e d  c lo c k s .  T hat i s ,  th e  c lo c k  in p u t  l e v e l  s e l e c t s  th e  
m ach ine , l e f t ,  r i g h t  o r  b o th ,  f o r  w hich th e  in p u t  s t im u lu s  i s  to  be 
a p p l ie d .  As an exam ple, suppose  th e  Q o u tp u t o f  th e  D -ty p e  S IM -flop  i s  
0 , and th e  c lo c k  in p u t  i s  a l s o  0 . I f  th e  D in p u t  i s  3 and  th e  c lo c k  
changes to  1 , th e  Q o u tp u t  w i l l  change to  Q = 1 . T hus, o n ly  th e  r i g h t  
m achine changes s t a t e .  T h is  ty p e  o f  b e h a v io r  i s  e v id e n t  in  th e  n e x t -  
s t a t e  t a b l e  o f th e  D -ty p e  S IM -flop  w hich  i s  g iv e n  i n  F ig u re  5 .1 2 . The 
c lo c k e d  RS S IM -flop  h a s  a s im i l a r  mode o f  o p e r a t io n .  S im u la tio n  o f
Q (t+1)
CLK = 0 CLK = 1 CLK = 2 CLK = 3
D D D D
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
0 0 0 0 0 0 1 0 1 0 0 2 2 0 1 2 3
1 1 1 1 1 0 1 0 1 1 1 3 3 0 1 2 3
2 2 2 2 2 2 3 2 3 0 0 2 2 0 1 2 3
3 3 3 3 3 2 3 2 3 1 1 3 3 0 1 2 3
F ig u re  5 .1 2 . F o u r-V a lu ed  D-Type SIM -Flop N e x t - S ta te  T ab le
th e  c locked  RS and D -ty p e  S IM -flops w i l l  be  se e n  in  s e q u e n t i a l  c i r c u i t  
exam ples t h a t  fo llo w  i n  th e  n e x t  c h a p te r .
The b a s ic  d e s ig n  o f th e  RS SIM -flop  g iv en  in  F ig u re  5 .6  can be  
ex ten d ed  to  th e  th re e -m a c h in e s  o r  B2XB2XB2 c a s e .  T h is  e x te n s io n  y i e ld s  
an  e ig h t - v a lu e d  lo g ic  d e v ic e  t h a t  s im u lta n e o u s ly  s t o r e s  th e  s t a t e  f o r  
th r e e  b in a r y  m ach in es . The a lg e b r a i c  r e s u l t s  f o r  th e  e ig h t - v a lu e d  c a se
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a r e  th e  same a s  w ere  g iv en  p r e v io u s ly ;  t h a t  i s ,  th e  n e x t - s t a t e  e q u a tio n  
i s
Q = R ' X (q +  S) .
I t  i s  d i f f i c u l t  to  m an u a lly  e v a lu a te  th e  d e t a i l e d  b e h a v io r  o f  th e  e i g h t ­
v a lu e d  RS S IM -flo p  f o r  a l l  p o s s ib l e  in p u t  c o n d i t io n s  and S IM -flop  s t a t e s .  
The n e x t - s t a t e  t a b l e  c o n ta in s  512 e n t r i e s  t h a t  r e s u l t  from  e ig h t  SIM- 
f lo p  s t a t e s  and 64 c o m b in a tio n s  o f  th e  e ig h t - v a lu e d  R and S in p u ts .
W ith e ig h t  l o g i c  v a lu e s ,  th e  a n a ly s i s  p ro b lem  i s  e x p o n e n t ia l ly  more 
d i f f i c u l t  th a n  th e  fo u r - v a lu e d  c a s e .  N e v e r th e le s s ,  i t  i s  f e l t  t h a t  th e  
c ro s s - c o u p le d  f o u r - g a te  S IM -flop  s t r u c t u r e  i s  r e a s o n a b le  and , h o p e f u l ly ,  
w o rk ab le  f o r  th e  th re e -m a c h in e  c a s e .
I n  summary, th e  work in  t h i s  c h a p te r  h a s  e s ta b l i s h e d  a  l o g i c a l  
s t r u c t u r e  f o r  a s t a t e  i n te g r a t e d  m u l t ip l e - v a lu e d  memory e le m e n t.
D e ta i le d  f u n c t i o n a l  and b e h a v io r a l  r e s u l t s  h a v e  been  shown f o r  th e  f o u r ­
v a lu e d  RS S IM -flo p . In  a d d i t io n ,  o th e r  S IM -flo p  ty p e s  w ere d e r iv e d  from  
th e  b a s ic  RS d e v ic e .  The c a p a b i l i t y  o f  t h e s e  d e v ic e s  to  work w e ll  i n  
s t a t e  i n t e g r a t e d  and m u lt ip le x e d  s e q u e n t i a l  c i r c u i t s  w i l l  be shown i n  
th e  n e x t  c h a p te r .  The a b i l i t y  to  a p p ly  t h e s e  d e v ic e s  in  s t a t e  i n te g r a t e d  
s e q u e n t i a l  c i r c u i t s  w i th  th e  same e a s e  a s  one w ould app ly  a  f l i p - f l o p  in  
a b in a r y  s e q u e n t i a l  c i r c u i t  i s  a v e ry  im p o r ta n t  r e s u l t  o f t h i s  work.
CHAPTER VI
STATE INTEGRATED AND MULTIPLEXED SEQUENTIAL CIRCUITS
C i r c u i t  Model and B e h a v io r
A s e q u e n t i a l  c i r c u i t  i s  d e f in e d  [36] a s  a  n e tw o rk  in  which th e  
o u tp u t  a t  any  i n s t a n t  i s  d e p e n d en t n o t  o n ly  upon th e  in p u ts  p re se n t a t  
t h a t  i n s t a n t ,  b u t  a l s o  upon th e  p a s t  h i s t o r y  ( o r  seq u en ce) o f i n p u ts .
The p a s t  h i s t o r y  o f  in p u ts  m ust be p r e s e r v e d  by  th e  n e tw o rk . For t h i s  
r e a s o n ,  s e q u e n t i a l  c i r c u i t s  have memory. The c o n c e p t w hich  allow s 
in fo rm a t io n  to  b e  p re s e rv e d  i s  r e f e r r e d  to  a s  th e  i n t e r n a l  s t a t e ,  o r  
s im p ly  s t a t e ,  o f  th e  n e tw o rk . In  a  s e q u e n t i a l  c i r c u i t  r e a l i z a t i o n ,  th e  
i n t e r n a l  s t a t e  becom es th e  c o l l e c t i o n  o f  s i g n a l s  a t  s p e c i f i e d  p o in ts  
w i th in  th e  n e tw o rk .
The g e n e r a l  s e q u e n t i a l  c i r c u i t  m odel i s  shown in  F igure  6 .1 .
The c i r c u i t  c o n ta in s  n  in p u ts  Xj^,X2 , • • • ,x ^  and m o u tp u t  te rm in a ls  
d e s ig n a te d  z ^ j Z ^ , . • . ,z^< The c o m b in a tio n a l  c i r c u i t  p o r t i o n  i s  t h e  same 
a s  d e s c r ib e d  i n  C h a p te r  IV . The memory p o r t i o n  was d is c u s s e d  in C h ap te r 
V and c o n s i s t s  o f  c i r c u i t  e le m e n ts  o r  d e v ic e s  a r ra n g e d  to  s to re  l o g i c  
l e v e l s . The memory d e v ic e s  may be d e la y  m echanism s o r  a c tu a l  memory 
e le m e n ts  r e f e r r e d  to  a s  r - f l o p s  ( f l i p - f l o p s  in  th e  b in a r y  c a se ) . The 
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F ig u re  6 .1 .  G e n e ra l S e q u e n tia l  C i r c u i t  M odel
se c o n d a ry  o u tp u ts  a r e  th e  Y^,Y2 , . . . «Y^ c o n n e c t io n s .  N ote t h a t  th e  
model p ro v id e s  fe e d b a c k  p a th s  from  th e  memory e le m en ts  t h a t  a r e  l o g i ­
c a l l y  com bined w i th  th e  i n p u t s .  In  g e n e r a l ,  th e  o u tp u t  v a r i a b l e s  a re  
r e l a t e d  to  th e  i n p u t s  a s  f o l lo w s :
z .  = f . ( x  , x  , . . . , x  , y , , y ^ , . . . , y  ) i  = l , 2 , . . . , m  
■‘• 1 /  m ± 2  p
and Yj = g^(xj^,X 2 , • • • .x ^ .y ^ ^ .y ^ , . . .  ,yp ) j  = 1 , 2 , . . . , p .
When th e s e  r e l a t i o n s h i p s  h o ld  e x p l i c i t l y ,  t h e  c i r c u i t  i s  r e f e r r e d  to  as  
a  M ealy m ac h in e . When th e  p rim a ry  o u tp u ts  a r e  n o t a f u n c t io n  o f th e  
p rim a ry  in p u t s ,  i . e . ,  th e y  a r e  a fu n c t io n  o f  o n ly  th e  se c o n d a ry  in p u ts ,
y^ , th e  c i r c u i t  i s  a Moore m ach ine .
S e q u e n t ia l  c i r c u i t s  a r e  a ls o  d i s t in g u is h e d  by th e  m ethod of 
o p e r a t io n ,  b e in g  e i t h e r  sy n ch ro n o u s o r  a sy n ch ro n o u s  [23 ] . Synchronous 
s e q u e n t i a l  c i r c u i t s  o p e r a te  i n  e i t h e r  th e  c lo c k e d  o r  p u l s e  mode. In
th e  c lo c k  mode, a  c lo c k  s ig n a l  i s  u sed  on th e  r - f l o p s  t o  c o n t r o l  o r
sy n c h ro n iz e  th e  change  o f  s t a t e .  In  th e  p u l s e  mode, c i r c u i t  in p u t  
p u ls e s  c o n t r o l  th e  a p p l i c a t i o n  o f  c i r c u i t  in p u t  s i g n a l s .  A l l  i n t e r n a l
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s t a t e s  a r e  s t a b l e  in  th e  synchronous c i r c u i t .  Only one mode o f o p e r a t io n ,  
th e  fu n d am e n ta l mode, e x i s t s  f o r  th e  a sy n ch ro n o u s  c i r c u i t .  The b a s ic  
r e q u ire m e n ts  f o r  fu n d am en ta l mode o p e r a t io n  a r e  t h a t  o n ly  a s in g l e  
in p u t  may change v a lu e  a t  a t im e , and once t h i s  change o c c u rs , a l l  o th e r  
in p u ts  m ust rem a in  unchanged u n t i l  th e  c i r c u i t  re a c h e s  a f i n a l  s t a b l e  
s t a t e .  T hese  r e s t r i c t i o n s  a r e  im p o r ta n t  s in c e  th e  asynch ronous c i r c u i t  
can  p o s s e s s  in te r m e d ia te  u n s ta b le  t r a n s i t i o n  s t a t e s .  When an  in p u t  
c h a n g es , t h e  s t a t e  t r a n s i t i o n  may p a s s  th ro u g h  th e s e  u n s ta b le  t r a n s i t i o n  
s t a t e s ,  and th e  r e s t r i c t i o n  on in p u t  t r a n s i t i o n s  in s u r e s  t h a t  th e  p ro p e r  
f i n a l  s t a b l e  s t a t e  w i l l  be re a c h e d .
The d e s c r i p t i o n  o f  a  s e q u e n t i a l  c i r c u i t  can  b e  g iv e n  as  a  flo w  
t a b l e .  The flo w  t a b l e  d e p ic t s  th e  o p e r a t io n  o f  a  m achine in d e p e n d e n t o f  
t h e  m anner i n  w hich  i t  i s  u l t im a te ly  c o n s t r u c te d .  A g e n e ra l  flow  t a b l e  
was g iv en  i n  C h ap te r I I I .  E xcep t f o r  t h e  l a b e l s  on th e  i n p u ts ,  th e  
m u l t ip le - v a lu e d  flow  t a b l e  w i l l  be e x a c t ly  l i k e  one f o r  a  b in a ry  c i r ­
c u i t .  G iven a f lo w  t a b l e  f o r  an r - v a lu e d  m ach in e , i t  can  be c o n v e rte d
i n to  a re d u c e d  f lo w  t a b l e  by m ethods g iv e n  by G ivone [3 6 ] .
S h e a fo r  [15] r e s t r i c t s  th e  c o n s t r u c t io n  o f  th e  m u lt ip le - v a lu e d  
f lo w  t a b l e  to  e x c lu d e  am biguous c i r c u i t  o p e r a t io n .  F o r exam ple, in  th e  
a sy n ch ro n o u s  f lo w  t a b l e  o f  F ig u re  6 . 2 ,  assum e t h a t  th e  m achine i s  in  
s t a t e  A w i th  in p u t  X = 0 . F o r X c h a n g in g  to  a  v a lu e  o f  2 , th e  o p e r a t io n  
o f  th e  c i r c u i t  i s  q u e s t io n a b le  s in c e  i t  i s  n o t  c l e a r  w h e th er th e  c i r c u i t ' s  
f i n a l  s t a t e  w i l l  be B o r  C. T hat i s ,  i f  th e  c i r c u i t  r e a c t s  c o m p le te ly  
to  th e  in te r m e d ia te  v a lu e  o f  X = 1 , th e  f i n a l  s t a t e  o f  th e  c i r c u i t  i s  B.
I f  th e  c i r c u i t  does  n o t r e a c t  to  X = 1 , th e  f i n a l  s t a t e  i s  C. As a
co n seq u en ce  o f  t h i s  am biguous a c t io n ,  S h e a fo r  fo rm u la te s  c o n d it io n s  f o r
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f lo w  t a b le  c o n s t r u c t i o n .  B a s ic a l ly ,  two ty p e s  o f  r e s t r i c t i o n s  a re  
a s s e r t e d .  I f  th e  f lo w  ta b l e  i s  c o n s tru c te d  a s  i n  F ig u re  6 . 2 ,  th en  th e
X
A ^O  B, 1 C, 1 { ^ 1
A, 0 ( Q l  0 0  A, 1
A, 0 0 0  0 1  D, 0





F ig u re  6 . 2 .  F our-V alued  Flow T ab le
ty p e  o f  in p u t  change  d e s c r ib e d  above i s  n o t a llo w e d . I f  t h i s  ty p e  of 
in p u t  change i s  p o s s ib l e ,  th e n  th e  flow  ta b l e  e n t r i e s  in  th e  row w hich 
i s  u n d er a  colum n be tw een  th e  i n i t i a l  s t a b l e  e n t r y  and  th e  f i n a l  e n try  
m ust b e  e i t h e r  s t a b l e  o r a  t r a n s i t i o n  to  th e  same row as  th e  f i n a l  
e n t r y .
Flow t a b l e  c o n s t r u c t io n  fo r  th e  B s t a t e  i n t e g r a t e d  and2m
m u lt ip le x e d  d i g i t a l  sy s tem  w i l l  n o t  be r e s t r i c t e d  a s  d e s c r ib e d  above.
The flow  t a b l e  p r e s e n te d  in  C h ap te r I I I  and th e  one i n  F ig u re  6 .2  a re  
p e r f e c t l y  v a l i d  f o r  th e  work p re s e n te d  h e r e .  The S IM -flo p s developed  
in  C h ap te r V t o l e r a t e  m u lt ip le -v a lu e d  s ig n a l  t r a n s i t i o n s  and c o n tr ib u te  
s i g n i f i c a n t l y  to  th e  p ro p e r  o p e ra t io n  o f  s t a t e  i n t e g r a t e d  and m u ltip le x e d  
s e q u e n t ia l  c i r c u i t s .
C i r c u i t  D esign  M ethodology 
The s e q u e n t i a l  c i r c u i t  d e s ig n  p h ilo s o p h y  f o r  m u lt ip le -v a lu e d  
s t a t e  in te g r a t e d  and m u lt ip le x e d  d i g i t a l  sy stem s i s  b a s i c a l l y  th e  same 
a s  f o r  c o m b in a tio n a l c i r c u i t s .  T hat i s ,  th e  s e q u e n t i a l  c i r c u i t  d e s ig n  i s
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f i r s t  p e rfo rm ed  f o r  th e  b in a r y  c a se  and i s  th e n  p r o je c te d  to  th e  
sy stem  by a  s im p le  s u b s t i t u t i o n  o f  m u l t ip le - v a lu e d  lo g ic  g a te s .  In  
t h i s  s e c t io n  th e  d e t a i l s  o f  t h i s  s y n th e s i s  p ro c e d u re  f o r  fo u r - v a lu e d  
s e q u e n t i a l  c i r c u i t s  w i l l  be perfo rm ed  by way o f  exam ple. To keep th e  
c i r c u i t  s im p le  b u t s t i l l  p ro v id e  fee d b a c k  c o n n e c t io n s ,  a  n o n -re d u c e d  
flow  ta b l e  w i l l  be u s e d . U sing  th e  re d u c e d  f lo w  t a b l e  r e s u l t s  in  a 
c i r c u i t  t h a t  does n o t  c o n ta in  fee d b a c k  a n d , h e n c e , i s  n o t  a  good c i r ­
c u i t  f o r  d e m o n s tra t in g  th e  d e s ig n  p h ilo s o p h y .
The n o n -re d u c e d  b in a r y  flow  t a b l e  i s  g iv e n  i n  F ig u re  6 .3  f o r  a 
fu n d am en ta l mode a sy n ch ro n o u s  m ach ine. The c i r c u i t  h as  one in p u t ,  
l a b e le d  X, th r e e  i n t e r n a l  s t a t e s ,  and one o u tp u t ,  l a b e le d  Z. The 
c i r c l e d  e n t r i e s  i n d i c a t e  s t a b l e  s t a t e s .  S in c e  th e  f lo w  t a b l e  c o n ta in s  
th r e e  s t a t e s ,  two b in a r y  f l i p - f l o p s  a r e  r e q u i r e d  f o r  th e  c i r c u i t  r e a l i ­
z a t i o n .  The a d ja c e n c y  d iag ram  i s  g iv en  in  F ig u re  6 .4  and c l e a r l y  shows 
t h a t  s t a t e s  B and C c an  be re a c h e d  from  s t a t e  A; how ever, A c a n n o t be
N ext S ta te  
(A,B,C)
O u tpu t
(Z)




In p u t  (X) 
0 1
A B © 0
B c 1
C B © 1
F ig u re  6 . 3 .  Fundam ental Mode B in a ry  Flow  T ab le
reach ed  from  B o r  C. To p re v e n t  r a c e  c o n d i t io n s ,  th e  d iag ra m  f u r t h e r  
im p lie s  t h a t  th e  s t a t e  a ss ig n m en t f o r  B sh o u ld  be  a d ja c e n t  to  b o th  A and 
C, b u t  A and C need  n o t  be a d ja c e n t  s t a t e s .  T h e r e f o r e ,  th e  s t a t e s  a re
coded w ith  th e  fo l lo w in g  y^yg a s s ig n m e n ts :
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A = 00 
B = 01 
C = 11 .
F ig u re  6 . 4 .  S t a t e  A d jacen cy  Diagram
T h is  s t a t e  a ss ig n m e n t i s  r a c e  f r e e .  U sing  RS f l i p - f l o p s  f o r  th e  b in a r y  
memory e le m e n ts , th e  e x c i t a t i o n  t a b l e  i s  shown i n  F ig u re  6 . 5 .  B ased on 
th e  s t a t e  a ss ig n m en t g iv e n  ab o v e , t h i s  t a b l e  p ro v id e s  t h e  n e c e s s a r y  R 
and S in p u ts  f o r  th e  two RS f l i p - f l o p s .  U sin g  th e  K arnaugh  maps in  
F ig u re  6 . 6 ,  th e  e x p re s s io n s  f o r  th e  R and S in p u ts  and o u tp u t  Z c a n  be 
c o n s t r u c te d .  The c i r c u i t  r e a l i z a t i o n  fo r  th e  b in a ry  a sy n ch ro n o u s  m ach ine  
i s  shown in  F ig u re  6 . 7 .  To form  a f o u r - v a lu e d  asy n ch ro n o u s  s t a t e  i n t e ­
g r a te d  and m u lt ip le x e d  m ach in e , th e  b in a r y  c o m b in a tio n a l  g a te s  a r e  
r e p la c e d  by f o u r -v a lu e d  B oo lean  g a t e s ,  and th e  b in a r y  RS f l i p - f l o p s  a r e  
r e p la c e d  w ith  RS S IM -flo p s . T h is  p r o j e c t i o n  o f  th e  b in a r y  c i r c u i t  i n to  
t h e  B2XB2 sy stem  form s t h e  f o u r - v a lu e d  t o t a l  co m p o site  m ach ine  (TCM)
w here i s  e q u iv a le n t  to  How ever, one a d d i t i o n a l  m o d if ic a ­
t i o n  i s  r e q u i r e d  fo r  th e  TCM. S in c e  th e  d e la y  i n  th e  fe e d b a c k  p a th s  may
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be  l e s s  th a n  th e  l a t c h  tim e  o f  th e  RS S IM -flo p s , a d d i t i o n a l  g a te s  o r 
b u f f e r s  a r e  added  a t  th e  o u tp u t  o f  th e  RS S IM -f lo p s . The r e s u l t i n g  
f o u r - v a lu e d  TCM c i r c u i t  i s  shown in  F ig u re  6 . 8 ,  w here th e  nodes have 





In p u t  (X) 
0 1
In p u t  (X) 
0 1
00 —  ; 01 - 0 ; —0 1 0
01 - 0 ; - 0  0 1 ;0 - 1 1
11 1 0 ;0 — 0—; 0— 1 1
F ig u re  6 . 5 .  E x c i t a t i o n  T a b le
B e fo re  s im u la t in g  th e  TCM c i r c u i t ,  an  in p u t  t r a n s i t i o n  sequence  
i s  r e q u i r e d  to  s t r u c t u r e  th e  v e r i f i c a t i o n  p r o c e s s .  A lthough  th e  sequen­
c e s  t h a t  v e r i f y  c o r r e c t  c i r c u i t  o p e r a t io n  f o r  b o th  M  ̂ and M^, can  be 
g e n e ra te d  from  th e  b in a r y  s t a t e  t a b l e ,  th e  u s e  o f  th e  TCM s t a t e  t a b l e  
w i l l  b e t t e r  i l l u s t r a t e  th e  m ethod. F ig u re  6 .9  shows th e  TCM s t a t e  t a b l e  
in  w hich  th e  n e x t - s t a t e  o u tp u t  s u b ta b le s  a re  g iv e n  to g e th e r  and s e p a ra te d  
by commas.
An in p u t  t r a n s i t i o n  seq u en ce  f o r  th e  TCM w i l l  v e r i f y  t h a t  each  
s t a t e  t r a n s i t i o n  w i l l  be  made p r o p e r ly .  The a d ja c e n c y  d iag ram  f o r  th e  
b in a r y  c i r c u i t ,  how ever, shows t h a t  s t a t e  A i s  n o t  r e a c h a b le  from s t a t e s  
B o r  C. T h is  m eans t h a t  th e  t r a n s i t i o n  se q u en c e  w i l l  c o n s i s t  o f  s e v e r a l  
d i s j o i n t  su b se q u e n c e s .
116
R.L 4
01 11 10 x ' ^ ^ 2 qo 01 11 10
0 ( - - 1 -) 0 - 0 0 -
1 - 0 0 - I 0 Q . , -
^1 = X' ' i = X '  72
l 2
^00 01 11 10 ^00 01 11 10
0 0 - 0 - 0 I D 0 - Œ
1 - 0 0 - 1 0 - —  —
^2 = 0 S2 = X'




0 . 1 1 .
Z = X' + 72
Figure 6.6. Excitation and Output Karnough Maps
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Figure 6.8. Four-Valued TCM Realization
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P r e s e n t
S ta te
(7 1 ,7 2 )
N ext S ta te ( Y i Y ^ )
0




00 03 , 3 02 , 2 01 , 1 0
01 03 , 3 13 , 3 1 11 , 1
11 03 , 3 13 , 3 00 , 1 © > 1
0 2 03 , 3 © , 2 23 , 3 22 , 2
0 3 3 13 , 3 23 , 3 33 , 3
13 03 , 3 ® , 3 23 , 3 33 , 3
22 03 , 3 02 , 2 23 , 3 © . 2
23 03 , 3 13 , 3 ® .  3 33 , 3
33 03 , 3 13 , 3 23 , 3 3
F ig u re  6 . 9 .  TCM S ta te  T ab le
The t r a n s i t i o n  su b seq u e n c e s  g iv e n  in  F ig u re  6 .1 0  w ere con­
s t r u c t e d  from  th e  TCM s t a t e  t a b l e .  The s t a t e  v a lu e s  a r e  shown in
th e  c i r c l e s  and th e  v a lu e  o f th e  X in p u t  i s  g iv en  on th e  a rro w s . Each 
su b seq u en ce  r e q u i r e s  a  s e p a r a te  e x e c u t io n  o f  th e  QLOSIM s im u la to r .  Many 
o f  th e  t r a n s i t i o n s  a r e  re d u n d a n t i n  t h a t  each  su b seq u en ce  need n o t  b e g in  
a t  s t a t e  y^y2 = 00; how ever, t h i s  i n i t i a l  s t a t e  s e l e c t i o n  a llo w s  more 
e f f i c i e n t  t r a c in g  in  th e  s t a t e  t a b l e  and i s  a  c o n v e n ie n t s t a r t i n g  p o in t  
f o r  e x e c u t io n .
The se q u en c e s  h av e  been  g rouped  to  r e f l e c t  th e  ty p e  o f  o p e ra ­
t i o n  w i th in  th e  M̂  and M  ̂ m ach in es . In  th e  f i r s t  su b seq u en ce  g iv e n  in  
F ig u re  6 . 1 0 ( a ) ,  b o th  M  ̂ and M  ̂ a r e  d r iv e n  to  s t a t e  B ( y iy 2 = 0 3 ) ,  and 
th e n  a l l  TCM B and C s t a t e  t r a n s i t i o n  c o m b in a tio n s  f o l lo w . In  th e
su b seq u e n c e s  o f  F ig u re  6 .1 0 (b )  M  ̂ i s  d r iv e n  to  s t a t e  B w h ile  m|  i s  h e ld






100)-----------------  - ( 22)----------
100)  4 0 -------------4 0
1 2 
(00)-------------40? ) ------------ 42 ? )
(00)----------4 0 ----------4 0 3
(c)
@ ----- 4 0 ------ 4 0 -----------— —- 4 0 3
2 3 0@---40——40----40
00)--------- 4 o i )  4 l l ) -----------4 1 3
Figure 6.10. TCM Input Transition Sequences
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and  e n te r  s t a t e  B o r  C c o n c u r r e n t ly ,  th e  su b seq u e n c e s  i n  F ig u re  
6 .1 0 (b )  and (c ) j o i n  th e  su b se q u e n c e  g iv e n  in  F ig u re  6 . 1 0 ( a ) .
S im u la tio n  o f  a l l  th e  su b se q u e n c e s  in  F ig u re  6 .1 0  can  b e  p e r ­
form ed and shown to  work p r o p e r ly ;  how ever, o n ly  th e  su b seq u e n c e  i n  
F ig u re  6 .1 0 (a )  and th e  f i r s t  su b seq u e n c e  i n  F ig u re  6 .1 0 (b )  and (c )  a r e  
r e p e a te d  h e r e .  T hese s im u la t io n s  a r e  g iv e n ,  r e s p e c t i v e l y ,  in  F ig u re s
6 .1 1 , 6 .12  and 6 .1 3 . A l l  t h r e e  s im u la t io n s  w ere ru n  w ith  th e  d e la y
fo r  th e  04 and G8 OR g a te s  ( s e e  F ig u re  6 . 8 )  s e t  to  11 tim e  u n i t s .  A l l  
o th e r  g a te  d e la y s  have  a  d e la y  o f  10 tim e  u n i t s . F o r t h i s  p a r t i c u l a r  
TCM c i r c u i t ,  th e  OR g a te  d e la y  i s  n e c e s s a r y  on g a te  04 s in c e  th e  3 to  1 
t r a n s i t i o n  o f  X a t  Time 1000 in  F ig u re  6 .1 3  w i l l  c a u se  o s c i l l a t i o n  i n  
th e  Y1 RS S IM -flo p . In  t h i s  c a s e  S I i s  ch an g in g  f rom 2 to  0,  s im u l ta ­
n e o u s ly , a s  R changes from  0 to  2. F ig u re  6 .1 4  shows th e  o s c i l l a t o r y  
c o n d i t io n  s im u la te d  s t a r t i n g  w ith  th e  X t r a n s i t i o n  from  3 to  1 and 
y^yg = 22. A l l  g a te  t r a n s p o r t  d e la y s  a r e  10 tim e u n i t s  f o r  t h i s  s im u­
l a t i o n .  The o s c i l l a t i o n  i s  c l e a r l y  e v id e n t  on th e  Y1 o u tp u t  and w i l l  
c o n tin u e  on i n  tim e  e x c e p t  t h a t  th e  s im u la to r  was fo rc e d  to  s to p  a t  Time 
1101.
The sy n ch ro n o u s  o r  c lo c k e d  RS S IM -flop  can  be used  in  p la c e  o f 
th e  asy n ch ro n o u s  RS S IM -flo p  i n  th e  TCM c i r c u i t .  The c lo c k e d  RS SIM- 
f lo p  does n o t  e x h ib i t  th e  o s c i l l a t o r y  c o n d i t io n  b u t  does r e q u i r e  e x te r n a l  
c o n t r o l  o f  th e  c lo c k  i n p u t .  F ig u re  6 .1 5  shows th e  TCM c i r c u i t  im plem en­
te d  w ith  c lo c k e d  RS S IM -f lo p s . The s im u la t io n  o f  t h i s  c i r c u i t  u s in g  th e  
f i r s t  subsequence  o f  F ig u re  6 .1 0 ( c )  i s  g iv e n  in  F ig u re  6 .1 6 . A l l  g a te
A„ v a lu e s  a r e  10 tim e  u n i t s .  N ote  t h a t  no o s c i l l a t i o n  o c c u rs  f o r  t h i s  
T
c i r c u i t  r e a l i z a t i o n .  The c lo c k  in p u t  i s  a s s e r t e d  a f t e r  th e  in p u t  h a s
1 2 1
TCM.EXl
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS :
TIME NODE PREV. VALUE NEW V
1 X 3 2
2 X 2 1
3 X 1 0
21 Z 0 1
22 Z 1 2
23 Z 2 3
41 NY2 3 2
42 NY2 2 1
43 NY2 1 0
61 Y2 0 1
62 Y2 1 2
63 Y2 2 3
500 X 0 1
551 Y1 0 1
1000 X 1 2
1001 X 2 3
1030 Y1 1 0
1031 Y1 0 1
1051 Y1 1 2
1052 Y1 2 3
1500 X 3 2
1530 Y1 3 2
2000 X 2 1
2001 X 1 0
2030 Y1 2 1
2031 Y1 1 0
2500 X 0 1
2501 X 1 2
2502 X 2 3
2551 Y1 0 1
2552 Y1 1 2
2553 Y1 2 3
3000 X 3 2
3001 X 2 1
3030 Y1 3 2
3031 Y1 2 1
3072 Y1 1 0
3073 Y1 0 1
3500 X 1 2
3530 Y1 1 0
3551 Y1 0 1
3552 Y1 1 2
4000 X 2 1
Figure 6.11. TCM Subsequence Simulation for Figure 6.10(a) - Part 1
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
TCM.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
4030 Y1 2 1
4031 Y1 1 0
4051 Y1 0 1
4071 Y1 1 0
4072 Y1 0 1
4500 X 1 0
4530 Y1 1 0
5000 X 0 1
5001 X 1 2
5052 Y1 0 1
5053 Y1 1 2
5500 X 2 3
5551 Y1 2 3
6000 X 3 2
6001 X 2 1
6002 X 1 0
6030 Y1 3 2
6031 Y1 2 1
6032 Y1 1 0
SIMULATION TERMINATED AT TIME 6053 
F ig u re  6 .1 1 . TCM Subsequence S im u la tio n  f o r  F ig u re  6.1.0(a) -  P a r t  2
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
TCM.EX2 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 X 3 2
21 Z 0 1
41 NY2 3 2
61 Y2 0 1
500 X 2 3
551 Y1 0 1
lOOO X 3 2
1030 Y1 1 0
1500 X 2 1
1501 X 1 0
1520 Z 1 2
1521 Z 2 3
1541 NY2 2 1
1542 NY2 1 0
1561 Y2 1 2
1562 Y2 2 3
SIMULATION TERMINATED AT TIME 1602 
F ig u re  6 .1 2 .  TCM S ubsequence S im u la tio n  f o r  F ig u re  6 .10(b)
124
QUATERNARY LOGIC SIMULATOR -  QLOSIM
TCM.EX3 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 X 3 2
2 X 2 1
21 Z 0 1
22 Z 1 2
41 NY2 3 2
42 NY2 2 1
61 Y2 0 1
62 Y2 1 2
71 Z 2 3
72 Z 3 2
81 NY2 1 0
82 NY2 0 1
112 NY2 1 0
113 NY2 0 1
500 X 1 2
501 X 2 3
520 Z 2 3
521 Z 3 2
540 NY2 1 0
541 NY2 0 1
551 Y1 0 1
552 Y1 1 2
1000 X 3 2
1001 X 2 1
1020 Z 2 3
1021 Z 3 2
1031 Y1 2 1
1032 Y1 1 0
1040 NY2 1 0
1041 NY2 0 1
1052 Y1 0 1
1053 Y1 1 0
1072 Y1 0 1
1073 Y1 1 0
1500 X 1 0
1520 Z 2 3
1540 NY2 1 0
1560 Y2 2 3
SIMULATION TERMINATED AT TIME 1600 
F ig u re  6 .1 3 . TCM S ubsequence S im u la tio n  f o r  F ig u re  6 .1 .0 (c)
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QUATERNARY LOGIC SIMULATOR -  QLOSIM
TCM.EX4 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 X 3 2
2 X 2 1
21 Z 0 1
22 Z 1 2
41 NY2 3 2
42 NY2 2 1
61 Y2 0 1
62 Y2 1 2
71 Z 2 3
72 Z 3 2
81 NY2 1 0
82 NY2 0 1
112 NY2 1 0
113 NY2 0 1
500 X 1 2
501 X 2 3
520 Z 2 3
521 Z 3 2
540 NY2 1 0
541 NY2 0 1
550 Y1 0 1
551 Y1 1 2
1000 X 3 2
1001 X 2 1
1020 Z 2 3
1021 Z 3 2
1031 Y1 2 1
1032 Y1 1 0
1040 NY2 1 0
1041 NY2 0 1
1051 Y1 0 1
1052 Y1 1 0
1071 Y1 0 1
1072 Y1 1 0
1081 Y1 0 1
1082 Y1 1 0
1091 Y1 0 1
1092 Y1 1 0
1101 Y1 0 1
SIMULATION TERMINATED AT TIME 1101 
F ig u re  6 .1 4 . TCM S im u la tio n  Showing O s c i l l a to r y  C o n d it io n
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changed  and s e t t l e d .  T h is  mode o f  o p e r a t io n  r e s u l t s  in  sm ooth c i r c u i t  
r e s p o n s e  and s t a t e  t r a n s i t i o n s .
As p r e v io u s ly  m en tio n ed , th e  c lo c k  in p u t  f o r  th e  c lo c k e d - ty p e  
S IM -flo p s  i s  a t r u e  fo u r -v a lu e d  in p u t .  I n  t h e  p re v io u s  s im u la t io n  t h a t  
u sed  c lo c k e d  RS S IM -flo p s , th e  c lo c k  was a s s e r t e d  in  th e  b in a r y  f a s h io n ,
i . e . ,  0 to  3 t r a n s i t i o n s ,  th u s  a l lo w in g  b o th  m ach in es  to  change s t a t e  a s  
n e c e s s a r y .  The same r e s u l t  can  be  o b ta in e d  by  a s s e r t i n g  th e  c lo c k  a t  
l o g i c  l e v e l  2 f o r  th e  f i r s t  th r e e  t r a n s i t i o n s  o f  th e  su b seq u en ce  in  
o r d e r  to  change o n ly  th e  l e f t  m ach ine . F o r th e  f i n a l  t r a n s i t i o n  th e
c lo c k  i s  a s s e r te d  a t  lo g ic  l e v e l  1 to  a llo w  th e  r i g h t  m achine t r a n s i t i o n ,
th e  end r e s u l t  b e in g  th e  f i n a l  y^yg = 03 s t a t e .  The s im u la t io n  o f  t h i s
TCM su b se q u e n c e  i s  shown in  F ig u re  6 .1 7 .
The v e r s a t i l i t y  o f  th e  c lo c k  in p u t  i s  b e t t e r  e x e m p lif ie d  by 
u s in g  t h e  f i r s t  t r a n s i t i o n  o f  th e  su b seq u en ce  in  F ig u re  6 .1 0 ( a ) .  For 
th e  t r a n s i t i o n  as g iv e n  b o th  m ach ines n o rm a lly  e n t e r  s t a t e  y^y2 = 03 
when X ch an g es from  3 to  0 . I f  th e  c lo c k  in p u t  i s  a s s e r t e d  a t  2 , o n ly  
th e  l e f t  m achine w i l l  change s t a t e ,  r e s u l t i n g  in  y ^ y 2 = 02. Then i f  X 
i s  h e ld  a t  1 and th e  c lo c k  does f i n a l l y  change  to  a v a lu e  o f  3 , th e  TCM 
c i r c u i t  w i l l  e n te r  s t a t e  y^y^ = 03 . T h is  a c t i o n  i s  shown in  th e  sim u­
l a t o r  o u tp u t  o f  F ig u re  6 .1 8 . N ote t h a t  th e  c lo c k  in p u t r i s e s  to  a v a lu e  
o f  2 , t h e  m achine e n te r s  s t a t e  y^yg = 02 , th e  c lo c k  in p u t  r e t u r n s  to  0 , 
and a f t e r  th e  c lo c k  r i s e s  to  a  v a lu e  o f  3 , t h e  c i r c u i t  e n te r s  s t a t e  
y iY 2 = 0 3 .
From th e  exam ples o f c i r c u i t  r e a l i z a t i o n  g iv e n  ab o v e , i t  i s  
se e n  t h a t  th e  TCM c i r c u i t  u s in g  th e  RS S IM -flo p , c lo c k e d  o r  u n c lo c k e d , 








Figure 6.15. TCM Clocked RS SIM-Flop Realization
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QUATERNARY LOGIC SIMULATOR - QLOSIM
TCM.EX5 SIMULATION RESULTS:
TIME NODE PREV, VALUE NEW V.
1 X 3 2
2 X 2 1
21 Z 0 1
22 Z 1 2
100 CLK 0 1
101 CLK 1 2
102 CLK 2 3
131 NY2 3 2
132 NY2 2 1
151 Y2 0 1
152 Y2 1 2
161 Z 2 3
162 Z 3 2
171 NY2 1 0
172 NY2 0 1
212 NY2 1 0
213 NY2 0 1
400 CLK 3 2
401 CLK 2 1
402 CLK 1 0
500 X 1 2
501 X 2 3
520 z 2 3
521 z 3 2
600 CLK 0 1
601 CLK 1 2
602 CLK 2 3
651 Y1 0 1
652 Y1 1 2
900 CLK 3 2
901 CLK 2 1
902 CLK 1 0
1000 X 3 2
1001 X 2 1
1020 Z 2 3
1021 Z 3 2
1100 CLK 0 1
1101 CLK 1 2
1102 CLK 2 3
1132 Y1 2 1
1133 Y1 1 0
1400 CLK 3 2
1401 CLK 2 1
Figure 6.16. TCM Simulation Using Clocked RS SIM-Flops - Part 1
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TCM.EX5
QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1402 CLK 1 0
1500 X 1 0
1520 Z 2 3
1600 CLK 0 1
1601 CLK 1 2
1602 CLK 2 3
1630 NY2 1 0
1631 NY2 0 1
1632 NY2 1 0
1650 Y2 2 3
1651 Y2 3 2
1652 Y2 2 3
1900 CLK 3 2
1901 CLK 2 1
1902 CLK 1 0
SIMULATION TERMINATED AT TIME 1912 
F ig u re  6 .1 6 .  TCM S im u la tio n  U sing C locked RS SIM -Flops -  P a r t  2
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TCM.EX6
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1 X 3 2
2 X 2 1
21 Z 0 1
22 Z 1 2
100 CLK 0 1
101 CLK 1 2
131 NY2 3 2
132 NY2 2 1
151 Y2 0 1
152 Y2 1 2
161 Z 2 3
162 Z 3 2
171 NY2 1 0
172 NY2 0 1
212 NY2 1 0
213 NY2 0 1
400 CLK 2 1
401 CLK 1 0
500 X 1 2
520 Z 2 3
521 Z 3 2
600 CLK 0 1
601 CLK L 2
651 Y1 0 1
652 Y1 1 2
900 CLK 2 1
901 CLK 1 0
1000 X 3 2
1001 X 2 1
1020 Z 2 3
1021 Z 3 2
1100 CLK 0 1
1101 CLK 1 2
1132 Y1 2 1
1133 Y1 1 0
1400 CLK 2 1
1401 CLK 1 0
1500 X 1 0
1520 Z 2 3
1600 CLK 0 1
1601 CLK 1 2
1602 CLK 2 3
Figure 6.17. TCM Simulation of Figure 6.22(c) Subsequence
using Controlled Four-Valued Clock - Part 1
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
TCM.EX6 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1630 NY2 1 0
1631 NY2 0 1
1650 Y2 2 3
1651 Y2 3 2
1652 Y2 2 3
1900 CLK 3 2
1901 CLK 2 1
1902 CLK 1 0
SIMULATION TERMINATED AT TIME 1912
F ig u re  6 .1 7 . TCM S im u la tio n  o f  F ig u re  6 .2 2 (c )  S ubsequence  
u s in g  C o n tr o l le d  F o u r-V a lu ed  Clock -  P a r t  2
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
TCM.EX7 SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW V.
1 X 3 2
2 X 2 1
3 X 1 0
21 Z 0 1
22 Z 1 2
23 Z 2 3
100 CLK 0 1
101 CLK 1 2
130 NY2 3 2
131 NY2 2 1
150 Y2 0 1
151 Y2 1 2
170 NY2 1 0
171 NY2 0 1
211 NY2 1 0
212 NY2 0 1
500 CLK 2 1
501 CLK 1 0
530 NY2 1 0
531 NY2 0 1
1000 CLK 0 1
1001 CLK 1 2
1002 CLK 2 3
1030 NY2 1 0
1031 NY2 0 1
1032 NY2 1 0
1050 Y2 2 3
1051 Y2 3 2
1052 Y2 2 3
1500 CLK 3 2
1501 CLK 2 1
1502 CLK 1 0
SIMULATION TERMINATED AT TIME 1512
Figure 6.18. TCM Simulation of Figure 6.10(a) Subsequence
Transition Using Controlled Four-Valued Clock
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to  show a l l  p o s s ib le  v a r i a t i o n s  in  in p u t  tim in g  and g a te  d e la y s ,  b u t  f o r  
th e  c o n d i t io n s  g iv e n , i t  i s  f e l t  t h a t  s e q u e n t i a l  c i r c u i t s  can be su c ­
c e s s f u l l y  c o n s tr u c te d  u s in g  th e  m ethods g iv en  h e r e .  The d e s ig n  method 
f o r  s t a t e  in te g r a t e d  s e q u e n t i a l  c i r c u i t s  i s  b a s i c a l l y  a p r o je c t io n  o f  a  
b in a r y  c i r c u i t  d e s ig n , new o r  e x i s t i n g ,  i n to  a r e a l i z a t i o n .  I t  i s  
c l e a r  t h a t  th e  m m achines w i th in  a r e a l i z a t i o n  f u n c t io n  in d e p e n d e n tly  
o f  each  o th e r  and r e a l i z e  m p a r a l l e l  b in a r y  m ach in es .
The R e g is te r  T r a n s f e r  C i r c u i t
The r e g i s t e r  t r a n s f e r  c i r c u i t  i s  a g e n e ra l  ty p e  o f  d i g i t a l  lo g ic  
c i r c u i t  u sed  in  c e n t r a l  p ro c e s s in g  u n i t s  [3 8 ] . T h is  c i r c u i t  was d i s ­
c u ssed  i n  C h ap te r I I  and r e p r e s e n t s  th e  m echanism  by w hich d i g i t a l  
in fo r m a t io n  i s  moved from  r e g i s t e r  to  r e g i s t e r .  When th e  r e g i s t e r  
c i r c u i t  i s  supp lem ented  w ith  c o m b in a tio n a l  and s e q u e n t i a l  c i r c u i t s ,  th e  
n e c e s s a ry  b u i ld in g  b lo c k s  a r e  a v a i l a b l e  f o r  d e s ig n in g  a com puter p ro c e s ­
s o r .  B ecause  o f t h i s  s i g n i f i c a n c e ,  th e  s t a t e  in te g r a t e d  and m u lt ip le x e d  
r e g i s t e r  t r a n s f e r  c i r c u i t  w i l l  be i n v e s t i g a t e d  a s  a s p e c i a l  ty p e  o f 
s e q u e n t i a l  c i r c u i t .  I t  w i l l  b e  se e n  t h a t  th e  s t a t e  in te g r a te d  p r o p e r ty  
o f  s im u lta n e o u s  d a ta  s to r a g e  w i th in  th e  c i r c u i t ’ s S IM -flo p s i s  h ig h ly  
v i s a b l e .  To s im p l i f y  th e  a n a ly s i s  o f  th e  c i r c u i t  b e h a v io r ,  th e  tw o- 
m achine o r  fo u r-v a lu e d  c a s e  i s  em p h asized .
F ig u re  6 .1 9  shows one m ethod f o r  im p lem en ting  a  s im p le  s t a t e  
i n te g r a t e d  and m u lt ip le x e d  r e g i s t e r  t r a n s f e r  c i r c u i t .  C o n sid e r th e  
c i r c u i t  to  be f o u r - v a lu e d .  T h is  OR-Bus form  o f th e  c i r c u i t  i s  q u i t e  
s im i la r  to  th e  c o rre sp o n d in g  b in a r y  v e r s i o n .  Four tw o - b i t  r e g i s t e r s  
a r e  g iv e n  w here R1 and R2 a r e  th e  s o u rc e  r e g i s t e r s  w h ile  R3 and R4 a r e  
th e  d e s t i n a t i o n  r e g i s t e r .  C o n c e iv a b ly , any so u rc e  r e g i s t e r  can be a
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d e s t i n a t i o n  r e g i s t e r ,  and v i c e  v e r s a .  In  g e n e r a l ,  any r e g i s t e r  can 
be a r ra n g e d  to  t r a n s f e r  in fo r m a t io n  to  any o th e r  r e g i s t e r ,  in c lu d in g  
i t s e l f ;  how ever, to  s im p l i f y  th e  c i r c u i t ,  a d i s t i n c t i o n  i s  made betw een 
th e  s o u rc e  and d e s t i n a t i o n  r e g i s t e r s .
CP3
R1
S l l  _ S Q




521 — S Q
R21 — R





























F ig u re  ’6 .1 9 . F o u r-V a lu ed  S t a t e  I n te g r a t e d  and M u lt ip le x e d
R e g i s te r  T ra n s fe r  C i r c u i t
The c i r c u i t  o p e r a te s  by s e l e c t i n g  a s o u rc e  r e g i s t e r  u s in g  
e i t h e r  CPI o r  CP2 w h ich  g a te s  d a ta  from  e i t h e r  R1 o r  R2, r e s p e c t i v e ly ,  
to  th e  OR g a te s .  The d a ta  i s  th e n  s tr o b e d  i n t o  a d e s t i n a t i o n  r e g i s t e r ,  
R3 o r  R4, by a s s e r t i n g  e i t h e r  CP3 or CP4, r e s p e c t i v e l y .  F o r t h i s
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p a r t i c u l a r  im p le m e n ta tio n , t h e  CP3 an d  CP4 c o n t r o l  s ig n a l s  can b e  t i e d  
d i r e c t l y  to  th e  c lo c k  in p u ts  o f  th e  D - ty p e  S IM -flo p s . In  th e  f o u r ­
v a lu e d  c a s e ,  i t  i s  p o s s ib le  to  t r a n s f e r  th e  c o n te n ts  o f  R l o r  R2 to  R3 
o r  R4 f o r  e i t h e r  th e  l e f t  o r  r i g h t  m ac h in e . The l e f t  and r i g h t  m ach ine  
d a ta  t r a n s f e r s  c an  o ccu r s im u l ta n e o u s ly  w ith  d i f f e r i n g  s o u rc e  and d e s t i ­
n a t i o n  r e g i s t e r s .  For exam ple, d a ta  can  t r a n s f e r  from R l to  R3 f o r  th e
l e f t  m ach ine  w h ile  a s im u lta n e o u s  t r a n s f e r  o c c u rs  from R2 t o  R4 f o r  th e
r i g h t  m ac h in e . D ata  i n  th e  u n a f f e c te d  m ach ine h a l f  o f th e  d e s t i n a t i o n  
r e g i s t e r s  rem a in s  unchanged by th e  o p e r a t io n s .  N ote t h a t  th e  c o n t r o l  
p u l s e s  a r e  m u lt ip le x e d  f o u r -v a lu e d  s i g n a l s  s i m i l a r  to  th e  t r u e  f o u r ­
v a lu e d  c lo c k  s i g n a l s  p r e v io u s ly  d e s c r ib e d  f o r  th e  c lo ck ed  S IM -f lo p s .
F o r  ex am p le , to  g a te  d a ta  i n to  R3 f o r  th e  r i g h t  m ach ine, CP3 h as  a lo g ic  
v a lu e  o f o n e . To g a te  d a ta  f o r  th e  l e f t  m ach in e , CP3 h as  a  l o g ic  v a lu e
o f 2, and to  g a te  d a ta  f o r  b o th  m a c h in e s , CP3 h a s  a lo g ic  v a lu e  o f  3 .
T a b le  6 .1  sum m arizes th e  a l lo w a b le  t r a n s f e r  c o m b in a tio n s  f o r  
t h e  r e g i s t e r  t r a n s f e r  c i r c u i t  o f  F ig u re  6 .1 9 . The s u p e r s c r i p t s ,  L and 
R, r e p r e s e n t  th e  l e f t  and r i g h t  m a c h in e s , r e s p e c t i v e ly .  When o n ly  one 
"FROM" colum n e n t r y  a p p e a rs  i n  th e  t a b l e ,  f o r  a  g iv e n  row , th e  "TO" 
colum n e n t r i e s  r e p r e s e n t  an  i n c l u s i v e  OR t r a n s f e r  co m b in a tio n . F o r 
exam p le , i t  i s  p o s s ib l e  to  t r a n s f e r  R^ t o  e i t h e r  R^ o r R^, o r  to  b o th  
R^ and R^. The o th e r  t r a n s f e r  c o m b in a tio n s  a r e  g iv en  e x p l i c i t l y .
The fo u r -v a lu e d  r e g i s t e r  t r a n s f e r  c i r c u i t  in  F ig u re  6 .1 9  i s  
co m p rised  o f  50 g a te s  and i s  s im u la te d  f o r  th e  t r a n s f e r  c o m b in a tio n s  
shown in  T a b le  6 .2 .  S u c c e s s iv e  rows o f  th e  t a b l e  a re  c u m u la tiv e  and 
r e f l e c t  t h e  a c t i o n  o f p re v io u s  row s. F ig u re  6 .2 0  g iv e s  th e  s im u la to r  
o u tp u t  f o r  t h e s e  t r a n s f e r  c o m b in a tio n s .
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T a b le  6 .1 .  F ou r-V alued  R e g i s te r  T r a n s f e r  C om binations 





R l - rl RJ
- R^
Rl r H rL R |




Rl R f rl R |
Rl R | "4 r R




R^^ - R ^ rI R4
- R^^ RL^4
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I n  row  one o f  T ab le  6 .2 ,  R l i s  s e t t o  33 and th e  c o n te n ts  o f 
th e  r i g h t  s id e  o f  R l a r e  t r a n s f e r r e d  to  R3. F ig u re  6 .2 0  shows t h i s  
r e s u l t  a t  Time 301 . F o r t h i s  i n i t i a l  t r a n s f e r ,  o b se rv e  t h a t  c o n t r o l  
s ig n a l  CPI h o ld s  th e  so u rc e  d a ta  a c t i v e  w h ile  CP3 i s  u sed  a s  a  s t r o b e  
s ig n a l  to  c lo c k  th e  d a ta  i n to  th e  d e s t i n a t i o n  r e g i s t e r .  Thus, CPI i s  
h e ld  a c t i v e  th ro u g h o u t  th e  s t r o b e  tim e  o f  CP3. A ll  t r a n s f e r s  a r e  p e r ­
form ed by u s in g  th e  c o n t r o l  p u ls e s  in  t h i s  m anner.
T a b le  6 .2 .  S im u la te d  T r a n s f e r s  f o r  th e  F o u r-V a lu ed  R e g is te r
T r a n s f e r  C i r c u i t
S o u rce  R e g is te r s  C o n tro l P u ls e s
T r a n s f e r No. Rl R2 CPI CP 2 CP3 CP4 R3 R4
1 33 00 1 0 1 0 11 00
2 33 00 2 0 0 2 11 22
3 33 22 0 2 2 0 33 22
4 00 22 3 0 3 0 00 22
5 11 22 1 0 1 1 11 33
6 00 00 3 0 3 3 00 00
7 33 00 3 0 2 1 22 11
8 33 00 0 3 3 3 00 00
9 33 33 2 1 1 2 11 22
The n e x t d a ta t r a n s f e r moves th e  d a ta f o r  th e l e f t  s id e  i
to  th e  r i g h t  s id e  o f  R4 and i s  e s s e n t i a l l y  c o m p le te d  a t  Time 603. P r io r  
to  th e  t h i r d  t r a n s f e r ,  r e g i s t e r  R2 i s  s e t  to  a v a lu e  o f  22. R2 i s  th e n  
t r a n s f e r r e d  t o  t h e  l e f t  s id e  o f  R3 g iv in g  a v a lu e  o f  R3 = 33 a t  Time 1123. 
Note t h a t  th e  r i g h t  s id e  o f  R3 was n o t a f f e c te d  by t h i s  d a ta  movement.
For t h i s  p a r t i c u l a r  t r a n s f e r ,  th e  R3 D -type S IM -flo p  i s  n o t w e l l  behaved  
and a c t u a l l y  r e s u l t s  in  o s c i l l a t i o n  when the g a te  t r a n s p o r t  d e la y s  a r e  
e q u a l.  T h is  i s  a  s im i la r  c o n d i t io n  a s  was p r e v io u s ly  d is c u s s e d  f o r  th e  
RS S IM -flo p . The i n s t a b i l i t y  i s  c u re d , as b e f o r e ,  by u n b a la n c in g  th e  
g a te  d e la y s ,  a l th o u g h  th e  r e s u l t i n g  b e h a v io r  is  s t i l l  s l i g h t l y  e r r a t i c .
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The n e x t  t r a n s f e r  i s  row fo u r  o f  T a b le  6 .2  and shows t h a t  b o th  
s id e s  o f  Rl a r e  c le a r e d ,  fo llo w ed  by a t r a n s f e r  o f  t h i s  r e s u l t  to  R3. 
T h is  i s  shown i n  th e  s im u la to r  o u tp u t  a t  Time 1583. The f i f t h  t r a n s f e r  
i s  perfo rm ed  by  s e t t i n g  th e  r i g h t  s id e  o f  Rl and th e n  s im u lta n e o u s ly  
t r a n s f e r r i n g  th e  r i g h t  s id e  o f R l to  b o th  R3 and R4. T h is  g iv e s  R3 = 11 
and R4 = 33 a t  Time 2101. A gain , n o te  t h a t  th e  l e f t  s id e  o f  R4 was 
unchanged by th e  r i g h t  s id e  t r a n s f e r .  The s i x t h  t r a n s f e r  c l e a r s  Rl and 
R2 and moves R l to  b o th  R3 and R4, g iv in g  a r e s u l t  o f  00 f o r  b o th  a t  
Time 2583.
The l a s t  th r e e  d a ta  t r a n s f e r s  c l e a r l y  show th e  m u lt ip le x in g  
c a p a b i l i t y  o f  th e  c i r c u i t .  The s e v e n th  row o f  th e  t a b l e  shows th a t  th e  
l e f t  s id e  o f  R l i s  t r a n s f e r r e d  to  R3 and , s im u l ta n e o u s ly ,  th e  r i g h t  
s id e  o f  Rl i s  t r a n s f e r r e d  to  R4. R3 and R4 r e a c h  t h e i r  v a lu e s  o f  22 and 
11 a t  Times 3101 and 3102, r e s p e c t i v e ly .  In  th e  e ig h th  t r a n s f e r  th e  00 
v a lu e  o f  R2 i s  u se d  to  c l e a r  b o th  R3 and R4 s im u lta n e o u s ly .  R3 and R4 
a re  c l e a r  a t  Time 2583. The f i n a l  d a ta  movement b e g in s  by s e t t i n g  b o th  
Rl and R2 to  a  v a lu e  o f  3 3 . The l e f t  s id e  o f  Rl i s  t r a n s f e r r e d  to  R4, 
and a t  th e  same tim e  th e  r i g h t  s id e  o f  R2 i s  t r a n s f e r r e d  to  R3. R3 and 
R4 a r e  e q u a l to  11 and 22 a t  Times 3901 and 3902.
T hese r e s u l t s  s t r o n g ly  im ply  t h a t  th e  s t a t e  i n te g r a t e d  and 
m u lt ip le x e d  r e g i s t e r  t r a n s f e r  c i r c u i t  i s  l o g i c a l l y  sound and s u g g e s t 
t h a t  c i r c u i t s  o f  t h i s  ty p e  can be u sed  in  a com puter c e n t r a l  p ro c e s s in g  
u n i t  to  a c h ie v e  s im u lta n e o u s  movement o f  d a ta  f o r  two in d ep e n d e n t 
m ach ines o p e r a t in g  w i th in  th e  same lo g ic  c i r c u i t r y .  F u n c t io n a l ly ,  th e s e  
r e s u l t s  can  be  e x te n d e d  to  th e  c a se  o f  m b in a r y  m ach ines o p e ra t in g  in  
p a r a l l e l .  A g a in , no d e t a i l e d  p r e d i c t i o n s  can  be made on th e  s p e c i f i c
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o p e r a t io n  o f  th e  c i r c u i t ,  b u t  i t  sh o u ld  b e  p o s s ib le  to  c h o o se  m = 3 
and r e a l i z e  a th re e -m a c h in e  r e g i s t e r  t r a n s f e r  c i r c u i t  much th e  same 
way, i f  n o t  e x a c t ly  th e  same way, a s  f o r  m = 2 .
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RICKT.EXl
QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS;
TIME NODE PREV. VALUE NEW V.
1 S l l 0 1
1 S12 0 1
2 S l l 1 2
2 S12 1 2
3 S l l 2 3
3 S12 2 3
41 Q ll 0 1
41 Q12 0 1
42 Q ll 1 2
42 Q12 1 2
43 Q ll 2 3
43 Q12 2 3
100 S l l 3 2
100 S12 3 2
101 S l l 2 1
101 S12 2 1
102 S l l 1 0
102 S12 1 0
200 CPI 0 1
220 D2 0 1
220 D1 0 1
250 CP3 0 1
301 Q32 0 1
301 Q31 0 1
350 CP3 1 0
400 CPI 1 0
420 D2 1 0
420 D1 1 0
500 CPI 0 1
501 CPI 1 2
520 D2 0 1
520 D1 0 1
521 D2 1 2
521 D1 1 2
550 CP4 0 1
551 CP4 1 2
602 Q42 0 1
602 Q41 0 1
603 Q42 1 2
603 Q41 1 2
650 CP4 2 1




QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
651 CP4 1 G
700 CPl 2 1
701 CPl 1 G
720 D2 2 1
720 D1 2 1
721 D2 1 G
721 D1 1 G
800 S21 G 1
800 S22 G 1
801 S21 1 2
801 S22 1 2
830 Q21 G 1
831 Q21 1 2
840 Q22 G 1
841 Q22 1 2
900 S21 2 1
900 S22 2 1
901 S21 1 G
901 S22 1 G
IGOO CP2 G 1
lOOl CP2 1 2
1021 D2 G 1
1021 D1 G 1
1022 D2 1 2
1022 D1 1 2
1050 CP3 G 1
1051 CP3 1 2
1081 Q32 1 G
1081 Q31 1 G
1082 Q32 G 1
1082 Q31 G 1
1103 Q32 1 2
1103 Q31 1 2
1104 Q32 2 3
1104 Q31 2 3
1111 Q32 3 2
1111 Q31 3 2
1112 Q32 2 3
1112 Q31 2 3
1122 Q32 3 2
1122 Q31 3 2




QUATERNARY LOGIC SIMULATOR -  QLOSIM
SIirULATIGN RESULTS:
TIME NODE PREV. VALUE NEW VALUE
1123 Q32 2 3
1123 Q31 2 3
1150 CP3 2 1
1151 CP 3 1 0
1181 Q32 3 2
1181 Q31 3 2
1182 Q32 2 3
1182 Q31 2 3
1200 CP 2 2 1
1201 CP 2 1 0
1220 D2 2 1
1220 D1 2 1
1221 D2 1 0
1221  . D1 1 0
1300 R l l 0 1
1300 R12 0 1
1301 R l l 1 2
1301 R12 1 2
1302 R l l 2 3
1302 R12 2 3
1320 Q ll 3 2
1320 Q12 3 2
1321 Q ll 2 1
1321 Q12 2 1
1322 Q ll 1 0
1322 Q12 1 0
1400 R l l 3 2
1400 R12 3 2
1401 R l l 2 1
1401 R12 2 1
1402 R l l 1 0
1402 R12 1 0
1500 CPl 0 1
1501 CPl 1 2
1502 CPl 2 3
1550 CP3 0 1
1551 CP 3 1 2
1552 CP 3 2 3
1581 Q32 3 2
1581 Q31 3 2
Figure 6.20. Four-Valued Register Transfer Circuit Simulation
Part 3
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RICKT.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW V;
1582 Q32 2 1
1582 Q31 2 1
1583 Q32 1 0
1583 Q31 1 0
1650 CP 3 3 2
1651 CP 3 2 1
1652 CP3 1 0
1700 CPl 3 2
1701 CPl 2 1
1702 CPl 1 0
1800 S l l 0 1
1800 S12 0 1
1840 Q ll 0 1
1840 Q12 0 1
1900 S l l 1 0
1900 S12 1 0
2000 CPl 0 1
2020 D2 0 1
2020 D1 0 1
2050 CP3 0 1
2050 CP4 0 1
2101 Q32 0 1
2101 Q31 0 1
2101 Q42 2 3
2101 Q41 2 3
2150 CP3 1 0
2150 CP4 1 0
2200 CPl 1 0
2220 D2 1 0
2220 Dl 1 0
2300 R l l 0 1
2300 R12 0 1
2300 R21 0 1
2300 R22 0 1
2301 R21 1 2
2301 R22 1 2
2320 Q ll 1 0
2320 Q12 1 0
2321 . Q21 2 1
2321 Q22 2 1




QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS :
TIME NODE PREV. VALUE NEW V
2322 Q21 1 0
2322 Q22 1 0
2400 R l l 1 0
2400 R12 1 0
2400 R21 2 1
2400 R22 2 1
2401 R21 1 0
2401 R22 1 0
2500 CPl 0 1
2501 CPl 1 2
2502 CPl 2 3
2550 CP3 0 1
2550 CP4 0 1
2551 CP3 1 2
2551 CP4 1 2
2552 CP3 2 3
2552 CP4 2 3
2581 Q32 1 0
2581 Q31 1 0
2581 Q42 3 2
2581 Q41 3 2
2582 Q32 0 1
2582 Q31 0 1
2582 Q42 2 1
2582 Q41 2 1
2583 Q32 1 0
2583 Q31 1 0
2583 Q42 1 0
2583 Q41 1 0
2650 CP3 3 2
2650 CP4 3 2
2651 CP3 2 1
2651 CP4 2 1
2652 CP3 1 0
2652 CP4 1 0
2700 CPl 3 2
2701 CPl 2 1
2702 CPl 1 0
2800 S l l 0 1
2800 S12 0 1




QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW V.
2801 S l l 1 2
2801 512 1 2
2802 S l l 2 3
2802 512 2 3
2840 Q ll 0 1
2840 Q12 0 1
2841 Q ll 1 2
2841 Q12 1 2
2842 Q ll 2 3
2842 Q12 2 3
2900 511 3 2
2900 512 3 2
2901 511 2 1
2901 512 2 1
2902 S l l 1 0
3000 CPl 0 1
3001 CPl 1 2
3002 CPl 2 3
3020 D2 0 1
3020 Dl 0 1
3021 D2 1 2
3021 Dl 1 2
3022 D2 2 3
3022 Dl 2 3
3050 CP3 0 1
3050 CP4 0 1
3051 CP3 1 2
3101 Q32 0 1
3101 Q31 0 1
3101 Q42 0 1
3101 Q41 0 1
3102 Q32 1 2
3102 Q31 1 2
3150 CP3 2 1
3150 CP4 1 0
3151 CP3 1 0
3200 CPl 3 2
3201 CPl 1 0
3202 CPl 1 0
3220 D2 3 2




QUATERNARY LOGIC SIMULATOR - QLOSIM
SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW Vi
3220 Dl 3 2
3221 D2 2 1
3221 Dl 2 1
3222 D2 1 0
3222 Dl 1 0
3300 CP2 0 1
3301 CP2 1 2
3302 CP2 2 3
3350 CP3 0 1
3350 CP4 0 1
3351 CP3 1 2
3351 CP4 1 2
3352 CP3 2 3
3352 CP4 2 3
3381 Q42 1 0
3381 Q41 1 0
3382 Q32 2 1
3382 Q31 2 1
3382 Q42 0 1
3382 Q41 0 1
3383 Q32 1 0
3383 Q31 1 0
3383 Q42 1 0
3383 Q41 1 0
3450 CP3 3 2
3450 CP4 3 2
3451 CP3 2 1
3451 CP4 2 1
3452 CP3 1 0
3452 CP4 1 0
3500 CP2 3 2
3501 CP2 2 1
3502 CP2 1 0
3600 S21 0 1
3600 S22 0 1
3601 S21 1 2
3601 S22 1 2
3602 S21 2 3
3602 S22 2 3
3640 Q21 0 1
3640 Q22 0 1
Figure 6.20. Four-Valued Register Transfer Circuit Simulation
Part 7
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QUATERNARY LOGIC SIMULATOR - QLOSIM
RICKT.EXl SIMULATION RESULTS:
TIME NODE PREV. VALUE NEW VALUE
3641 Q21 1 2
3641 Q22 1 2
3642 Q21 2 3
3642 Q22 2 3
3700 S21 3 2
3700 S22 3 2
3701 S21 2 1
3701 S22 2 1
3702 S21 1 0
3702 S22 1 0
3800 CPl 0 1
3800 CP 2 0 1
3801 CPl 1 2
3820 D2 0 1
3820 Dl 0 1
3821 D2 1 2
3821 Dl 1 2
3822 D2 2 3
3822 Dl 2 3
3850 CP3 0 1
3850 CP4 0 1
3851 CP4 1 2
3901 Q32 0 1
3901 Q31 0 1
3901 Q42 0 1
3901 Q41 0 1
3902 Q42 1 2
3902 Q41 1 2
3950 CP3 1 0
3950 CP4 2 1
3951 CP4 1 0
4000 CPl 2 1
4000 CP 2 1 0
4001 CPl 1 0
4020 D2 3 2
4020 Dl 3 2
4021 D2 2 1
4021 Dl 2 1
4022 D2 1 0
4022 Dl 1 0
SIMULATION TERMINATED AT TIME 4032




Summary o f  R e s u l ts
T h is  t h e s i s  in t r o d u c e s  and exam ines th e  c o n c ep t o f  s t a t e  
i n te g r a t e d  and m u lt ip le x e d  m u l t ip le - v a lu e d  d i g i t a l  sy s tem s. The lo g i c  
c i r c u i t  d e s ig n  m ethods f o r  th e  m u l t ip le - v a lu e d  m > 2 , c a se s  w ere
c o n s id e re d , and B2XB2 was s tu d ie d  i n  d e t a i l .  An im p o r ta n t r e s u l t  i s  
th a t  th e  f o u r -v a lu e d  B2XB2 c i r c u i t s  a r e  r e a l i z a b l e  d i r e c t l y  from  th e  
b in a r y  d e s ig n  te c h n iq u e s .  The a c tu a l  b e h a v io r  o f  th e  fo u r-v a lu e d  
c i r c u i t s  was s tu d ie d  by th e  a p p l i c a t i o n  o f  th e  q u a te rn a ry  lo g ic  sim u­
l a t o r ,  QLOSIM. T h is  s im u la to r  was d ev e lo p ed  f o r  p u rp o se s  o f t h i s  t h e s i s  
bu t c an  be a p p lie d  to  o th e r  s tu d i e s  o f  f o u r -v a lu e d  d i g i t a l  sy s te m s.
The c i r c u i t  o p e r a t in g  c h a r a c t e r i s t i c s  assum ed in  th e  t h e s i s  a r e  
b e l ie v e d  to  be r e a s o n a b le  p r e d i c t i o n s  o f  how a c tu a l  g a te s  would p e rfo rm . 
H ence, th e  o v e r a l l  r e s u l t s  o b ta in e d  from  th e  l o g ic  c i r c u i t s  c o n s id e re d  
h e r e in  s u g g e s t  t h a t  th e  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  co ncep t i s  
f e a s i b l e .
The d e s ig n  o f  f o u r - v a lu e d  s t a t e  i n t e g r a t e d  and m u ltip le x e d  
c o m b in a tio n a l c i r c u i t s  i s  r e l a t i v e l y  s t r a ig h t f o r w a r d  w ith  some c i r c u i t
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b e h a v io r  phenomena b e in g  q u i t e  s im i la r  to  th e  b in a r y  c a s e .  For exam ple, 
s t a t i c  h a z a rd s  a r e  e l im in a te d  by th e  same m ethods u se d  f o r  b in a ry  c i r c u i t s .  
The same r e s u l t  was found  to  b e  t ru e  f o r  s e q u e n t i a l  c i r c u i t s  ex cep t th a t  
th e  s e q u e n t i a l  c i r c u i t  p ro b lem  n e c e s s i t a t e d  th e  dev e lo p m en t of a  new 
memory e le m e n t, th e  S IM -flo p . The s t a b i l i t y  o f  th e  fo u r-v a lu e d  SIM -flop 
was s tu d ie d  f o r  v a r io u s  c o n d i t io n s .  T h ree  S IM -flop  ty p e s ,  the RS, 
c lo c k e d  RS, and D -ty p e , w ere  a p p lie d  in  s e q u e n t i a l  c i r c u i t s  and shown 
v i a  s im u la t io n  to  p e rfo rm  a d e q u a te ly .  The s t a t e  i n t e g r a t e d  and m u lt i ­
p le x e d  r e g i s t e r  t r a n s f e r  c i r c u i t  o p e r a t io n  was a ls o  exam ined , and q u i te  
good r e s u l t s  w ere o b ta in e d  from  i t .  In  t o t a l  th e s e  f in d in g s  g iv e  a  
com p le te  and d e t a i l e d  a c c o u n t o f  th e  lo g ic  c i r c u i t  o p e r a t io n  f o r  a two- 
m achine s t a t e  i n te g r a t e d  and  m u lt ip le x e d  d i g i t a l  sy s te m . Of p a r t i c u l a r  
im p o rta n c e  i s  t h a t  a l l  o f  t h e  c i r c u i t s  i n v e s t ig a t e d  c an  be  g e n e ra te d  
d i r e c t l y  from  th e  b in a r y  c i r c u i t  d e s ig n , and th e  r e s u l t i n g  s t a t e  i n t e ­
g ra te d  and m u lt ip le x e d  c i r c u i t  w i l l  r e p la c e  two o r  m ore co p ies  o f  th e  
b in a ry  c i r c u i t .
S u g g e s tio n s  f o r  F u r th e r  R esea rch  
To p ro v id e  a n  a d e q u a te  fo u n d a tio n  f o r  s t a t e  in te g r a te d  and 
m u lt ip le x e d  d i g i t a l  s y s te m s , t h i s  t h e s i s  n e c e s s a r i l y  c o v e rs  a w ide 
ran g e  o f  to p ic s  i n  th e  a r e a  o f  m u l t ip le -v a lu e d  d i g i t a l  d e s ig n . Addi­
t i o n a l  work can  e x te n d  th e  b a s ic  c o n c e p ts  p re s e n te d  h e r e .  Using to o ls  
such  a s  th e  q u a te rn a ry  l o g i c  s im u la to r ,  f u r t h e r  work c an  be  done in  th e  
system  d e s ig n  a r e a  tow ard  th e  s p e c i f i c a t i o n  o f  a  m ach ine  o rg a n iz a t io n  
based  on t h i s  c o n c e p t .  F o r  exam ple, by c o n s t r u c t in g  a  computer c o n tr o l  
u n i t  from  fo u r -v a lu e d  TCM c i r c u i t s  and su p p le m e n tin g  t h i s  w ith  B2XB2
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a r i t h m e t i c  and r e g i s t e r  t r a n s f e r  c i r c u i t s ,  th e  s p e c i f i c a t i o n  o f a  f a i r l y  
co m p le te  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  c e n t r a l  p r o c e s s in g  u n i t  i s  
p o s s ib l e .  Such a m ach ine  a c t u a l l y  r e p r e s e n t s  two in d e p e n d e n t b in a r y  
m ach ines  and would be c a p a b le  o f  e x e c u tin g  two s o f tw a r e  p rogram s s im u l­
ta n e o u s ly .  The a r c h i t e c t u r a l  and  sy s tem  l e v e l  a d v a n ta g e s  g a in e d  from  
t h i s  c a p a b i l i t y  d e s e rv e  f u r t h e r  a t t e n t i o n .  In  a d d i t i o n ,  t h i s  work 
r e p r e s e n t s  th e  f i r s t  s t e p  tow ard  th e  d e s ig n  o f a  d u a l  r a d ix  h a rd w are  
com puter sy s tem .
A m ore d e t a i l e d  i n v e s t i g a t i o n  o f  c o m b in a tio n a l  and sequen­
t i a l  c i r c u i t s  can  b e  u n d e r ta k e n . F u r th e r  work on  th e  v a r io u s  S IM -flo p s
and t h e i r  c h a r a c t e r i z a t i o n  s h o u ld  be  c o n s id e r e d .  However, th e  need  f o r
2
a c t u a l  g a te  h a rd w are  r e a l i z a t i o n  i s  s i g n i f i c a n t .  I  L c i r c u i t  d e s ig n s  
w ere g iv e n  f o r  th e  AND and OR g a t e s ,  b u t  more w ork i s  n e c e s s a ry  to  
g e n e ra te  r e s u l t s  f o r  t h e s e  o r  f u n c t i o n a l l y  e q u iv a le n t  c i r c u i t s .
The q u a te r n a r y  lo g ic  s im u la to r  p ro v id e d  v a lu a b le  i n s i g h t s  i n to  
th e  p o s s ib le  b e h a v io r  o f  th e  s t a t e  i n t e g r a t e d  and  m u lt ip le x e d  d i g i t a l  
c i r c u i t s .  I n  a d d i t i o n ,  th e  s im u la to r  w as u sed  t o  s tu d y  fo u r - v a lu e d  
a lg e b r a i c  r e l a t i o n s h i p s .  I t  i s  e x p e c te d  t h a t  t h e  s im u la to r  w i l l  l i k e ­
w ise  p ro v e  v a lu a b le  f o r  o th e r  w o rk , b u t s in c e  t h e  t o t a l  n e e d s  o f  th e s e  
s tu d i e s  a r e  n o t known p r e s e n t l y ,  th e  n eed  f o r  a d d i t i o n a l  s o f tw a re  
enhancem ent i s  l i k e l y .
C e r ta in ly ,  t h i s  t h e s i s  p ro v id e s  many o f  th e  answ ers f o r  th e  
d e s ig n  and a n a ly s i s  o f  s t a t e  i n t e g r a t e d  and m u lt ip le x e d  d i g i t a l  sy s te m s . 
S tro n g  e v id e n c e  t h a t  su c h  sy s tem s w i l l  p e rfo rm  i s  p r e s e n te d ,  b u t many 
q u e s t io n s  s t i l l  re m a in . L e s t  we c o n tin u e  to  p o se  them  a l l ,  humbly n o te  
t h a t .
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"The outcom e o f  any s e r io u s  r e s e a r c h  can  o n ly  be
to  make two q u e s t io n s  grow w h ere  o n ly  one grew
b e f o r e . "  -  T h o r s te in  Veblen.
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APPENDIX A
SIMULATOR USER'S GUIDE
S im u la to r  C a p a b i l i t i e s  
The q u a te rn a ry  l o g i c  s im u la to r ,  QLOSIM, i s  a  g a te  l e v e l  sim u­
l a t o r  d e s ig n e d  to  s im u la te  f o u r - v a lu e d  lo g ic  c i r c u i t s  e x c lu s i v e l y .  The 
s o f tw a re  d e s c r ib e d  h e re  was d e s ig n e d  to  o p e r a te  on a DECSystem-10 
c o m p u te r, u s in g  th e  TOPS-10 o p e r a t in g  sy s te m .
S e v e ra l  g a te  ty p e s  c o m p rise  th e  s im u l a t o r 's  l i b r a r y .  Each g a te  
ty p e  u se d  i n  a c i r c u i t  p o s s e s s e s  a  u n iq u e  i d e n t i f i c a t i o n .  G a tes  su ch  as 
MIN, MAX, AND and OR r e q u i r e  m ore th a n  one in p u t ,  and QLOSIM p e rm its  
tw o, t h r e e ,  o r  fo u r  i n p u t s  f o r  t h e s e  g a t e s .  T ab le  A .1 l i s t s  each  ty p e  
o f  g a te  s u p p o r te d .  The u s e r  sh o u ld  c o n s u l t  t h e s i s  C h a p te r  I I I  f o r  
s p e c i f i c  f u n c t io n  d e f i n i t i o n s .
The v e r s io n  o f  QLOSIM g iv e n  i n  A ppendix B l i m i t s  t h e  s i z e  o f  
t h e  s im u la te d  c i r c u i t  to  100 g a te s  o r  200 n o d e s . N e ith e r  c o n s t r a i n t  can 
be  v i o l a t e d .  E very  c i r c u i t  n o d e  m ust p o s s e s s  a u n iq u e  i d e n t i f i c a t i o n .  
The node i d e n t i f i c a t i o n  i s  any one to  f i v e  c h a r a c te r  s t r i n g  s e le c t e d  by 
th e  u s e r .  E ach  c i r c u i t  m ust be i n i t i a l i z e d ,  u s in g  th e  in p u t  f i l e ,  by 
s p e c i f y in g  l o g i c  v a lu e s  f o r  a l l  c i r c u i t  in p u t  n o d es . I f  t h e  c i r c u i t
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T ab le  A . I .  QLOSIM G ate Types
F u n c t io n
MAX2 Two in p u t  MAX
MAX3 T hree  in p u t  MAX
MAX4 Four in p u t  MAX
MIN2 Two in p u t  MIN
MIN3 T hree  in p u t  MIN
MIN4 Four in p u t  MIN
COMP Complement o r  s tr o n g
n e g a t io n
AND2 Two in p u t  AND
AND3 T hree  in p u t  AND
AND4 Four in p u t  AND
0R2 Two in p u t  OR
0R3 T hree  in p u t  OR
0R4 Four in p u t  OR
CYCLl C ycle  (a  = 1)
CYCL2 C ycle  (a  = 2)
CYCL3 C ycle  (a  = 3)
PLUS Two in p u t  PLUS
NMAX2 I'wo in p u t  MAX
NMAX3 T hree  in p u t  MAX
NMAX4 Four in p u t  MAX
NMIN2 Two in p u t  MIN
NMIN3 T hree  in p u t  MIN
NMIN4 Four in p u t  MIN
NAND2 Two in p u t  NAND
NAND3 T hree  in p u t  NAND
NAND4 Four in p u t  NAND
N0R2 Two in p u t  NOR
N0R3 T hree in p u t  NOR
N0R4 Four in p u t  NOR
NPLUS Two in p u t  PLUS
ILTOO IX®»® L i t e r a l
IL T l l IX ^»! L i t e r a l
1LT22 1X;»2 L i t e r a l
1LT33 IX®»® L i t e r a l
ILTOl 1X®»1 L i t e r a l
1LT02 1X®»2 L i t e r a l
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T ab le  A .I .  QLOSIM G ate  Types ( c o n tin u e d )
ID F u n c tio n
1LT12 IX^ ^ L i t e r a l
1LT13 1x1 3 L i t e r a l
1LT23 1X2 3 L i t e r a l
2LT00 2X° 0 L i t e r a l
2LT11 2x1 1 L i t e r a l
2LT22 2x2 2 L i t e r a l
2LT33 2X3 3 L i t e r a l
2LT01 2X0 1 L i t e r a l
2LT02 2X° 3 L i t e r a l
2LT12 2x1 2 L i t e r a l
2LT13 2x1 3 L i t e r a l
2LT23 2x2 3 L i t e r a l
3LT00 3X0 0 L i t e r a l
3LT11 3X1 L i t e r a l
3LT22 3X^ ^ L i t e r a l
3LT33 3x3 3 L i t e r a l
3LT01 3X0 1 L i t e r a l
3LT02 3x0 2 L i t e r a l
3LT12 3X1 2 L i t e r a l
3LT13 3x1 L i t e r a l
3LT23 3x2 3 L i t e r a l
1INH2 Two in p u t  INHIBIT (B = 1)
1INH3 T h ree  in p u t  INHIBIT (B = 1)
1INH4 Four in p u t  INHIBIT (B = 1)
2INH2 Two in p u t  INHIBIT (B = 2)
2INH3 T h ree  in p u t  INHIBIT (B = 2)
2INH4 F our in p u t INHIBIT (B = 2)
3INH2 Two in p u t  INHIBIT (B = 3)
3INH3 T h re e  in p u t  INHIBIT (B = 3)
3INH4 Four in p u t  INHIBIT (B = 3)
lUNIV U n iv e rs a l  g a te  (B = 1)
2UNIV U n iv e rs a l  g a te  (B = 2)
3UNIV U n iv e rs a l  g a te  (B = 3 )
MUX41 Four - to - o n e  M u lt ip le x e r
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c o n ta in s  fe e d b a c k  n o d e s , th e s e  m ust a ls o  b e  i n i t i a l i z e d .  I f  th e  i n i t i l i -  
z a t i o n  i s  n o t p e rfo rm e d , a  s im u la t io n  f a i l u r e  w i l l  o c c u r .
QLOSIM w i l l  i n i t i a l i z e  t h e  c i r c u i t  a t  Time 0 by p ro p a g a tin g  
th e  i n i t i a l  c i r c u i t  c o n d i t io n s  th ro u g h  th e  c i r c u i t .  Once t h i s  p ro c e s s  
i s  s u c c e s s f u l l y  c o m p le te d , th e  dynam ic in p u t  node ch an g es a r e  a p p lie d  to  
t h e  c i r c u i t  and th e  r e s u l t s  a r e  r e p o r te d  a s  s e le c te d  by th e  u s e r .
The s im u la to r  a lw ays sc a n s  th e  in p u t  d a ta  f o r  a c c u ra c y . S e v e ra l
e r r o r s  can  be d e te c te d  by th e  program , b u t th e  l o g i c a l  c o r r e c tn e s s  o f  th e
c i r c u i t  d a ta  i s  th e  u s e r 's  r e s p o n s i b i l i t y .  E r ro r  m essages a r e  summ arized 
i n  a  l a t e r  s e c t i o n .
D ata  P r e p a r a t io n  
The c i r c u i t  in p u t  d a ta  f i l e  i s  p re p a re d  p r i o r  to  s im u la to r  
e x e c u t io n  and i s  g e n e r a l l y  done u s in g  a t e x t  e d i t o r .  The in p u t  f i l e  
c o n s i s t s  o f  fo u r  p a r t s ,  (1) th e  c i r c u i t  to p o lo g y , (2 ) th e  i n i t i a l  node 
c o n d i t io n s ,  (3 ) th e  dynam ic in p u t  node ch an g es , and (4 ) th e  l i s t  o f 
c i r c u i t  nodes to  b e  r e p o r te d .  The in p u t  f i l e  i s  c o n s t r u c te d  u s in g  th e  
n o rm al r u l e s  f o r  FORTRAN l i s t  d i r e c te d  I /O .
The p r e p a r a t i o n  o f  a d a ta  f i l e  i s  b e s t  i l l u s t r a t e d  u s in g  an
exam ple . F ig u re  A . l  shows a fo u r -v a lu e d  lo g ic  c i r c u i t  and th e  r e s u l t ­
in g  in p u t  d a ta  f i l e .  The c i r c u i t  i s  l a b e le d  w ith  a l l  in fo rm a tio n  
n e c e s s a ry  f o r  g e n e ra t in g  th e  c i r c u i t  to p o lo g y  d a ta .  The c i r c u i t  to p ­
o lo g y  r e c o rd s  f o r  t h e  exam ple c i r c u i t  a re  g iv e n  as  th e  f i r s t  f o u r  l in e s  
o f  th e  d a ta  f i l e .  Each o f  th e  f i r s t  fo u r  l i n e s  c o n s i s t s  o f  s e v e r a l  
f i e l d s .  The f i r s t  f i e l d  i s  th e  g a te  i d e n t i f i c a t i o n .  The second  f i e l d  
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’A’ 1 ,2  400,.3 /
'B ' 1 0 0 ,1  200 ,2 300 ,3 /
'C 30 0 ,3  4 0 0 ,2 500 ,1 600,
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Figure A.I. Example Circuit and Input Data
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The t h i r d  f i e l d  i s  a  num eric  e n t r y  t h a t  g iv e s  t h e  g a te  t r a n s p o r t  d e la y .  
The re m a in in g  f i e l d s  a r e  th e  in p u t  and o u tp u t  nodes f o r  th e  g a te .  The 
g a t e 's  o u tp u t  node i s  a lw ays s p e c i f ie d  a s  t h e  l a s t  node f i e l d ,  and th e  
t o t a l  q u a n t i t y  o f  n o d e  f i e l d s  m ust c o rre s p o n d  to  th e  p a r t i c u l a r  g a te  
ty p e .  Up t o  seven  n o d e  f i e l d s  a r e  a llo w e d , b u t  o n ly  t h e  u n iv e r s a l  g a te  
u t i l i z e s  s e v e n  n o d e s . F o r a l l  o th e r  g a te s  t h e  " / "  (fo rw a rd  s la s h )  i s  
u sed  to  te r m in a te  t h e  c i r c u i t  to p o lo g y  r e c o r d .  The sp a c e  betw een  each  
f i e l d  i s  n e c e s s a ry  a s  a  f i e l d  s e p a r a to r .  The c a r r i a g e  r e tu r n  o r  new 
l i n e  c h a r a c t e r s  a p p e a r in g  a t  th e  end o f  r e c o r d s  a r e  ig n o re d . The 
/ "  r e c o r d  t e r m in a te s  th e  c i r c u i t  to p o lo g y  d a ta .
The second  group  o f d a ta  r e c o rd s  p r o v id e  th e  c i r c u i t  i n i t i a l i ­
z a t i o n  in fo r m a t io n .  Each re c o rd  c o n s i s t s  o f  a  s in g l e  c i r c u i t  node and 
i t s  a s s o c i a te d  i n i t i a l  lo g ic  v a lu e .  T hese  r e c o r d s  a r e  te rm in a te d  by th e  
/ " .
The t h i r d  p o r t i o n  o f  th e  in p u t d a ta  f i l e  i s  th e  dynamic in p u t  
node in f o r m a t io n .  O nly  one node can b e  g iv e n  p e r  r e c o r d .  Each re c o rd  
g iv e s  th e  c i r c u i t  i n p u t  node and up to  f i v e  n u m eric  t im e - v a lu e / lo g i c -  
v a lu e  p a i r s .  The commas a r e  o p t io n a l  a n d , i f  o m it te d ,  a  space  m ust be 
u sed  a s  t h e  f i e l d  d e l i m i t e r .  When few er th a n  f i v e  p a i r s  a r e  g iv e n  on a 
l i n e ,  th e  r e c o r d  i s  te rm in a te d  w ith  a " / " .  ïfhen a node r e q u i r e s  more 
th a n  f i v e  e n t r i e s ,  a s  i s  th e  c a s e  fo r  node C i n  F ig u re  A .1 (b ) , a d d i t io n a l  
r e c o r d s  a r e  e n te r e d .  The tim e  v a lu e s  e n te r e d  c a n  be  e i t h e r  a b s o lu te  
tim e  o r  th e y  can  b e  tim e  v a lu e s  r e l a t i v e  to  t h e  p re v io u s  tim e v a lu e .  
E i th e r  m ethod can  b e  s e l e c t e d ,  b u t  o n ly  one m ethod can  be used  f o r  a 
g iv e n  d a ta  f i l e .  As b e f o r e ,  th e  / "  t e r m in a to r  d e n o te s  th e  end of
th e  dynam ic node c h an g e  in fo rm a tio n .
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The l a s t  g roup  o f  d a ta  r e c o r d s  s p e c i f i e s  th e  nodes to  be 
r e p o r te d  i n  th e  s im u la to r  o u tp u t .  A maximum o f  te n  nodes can be s p e c i ­
f i e d  p e r  r e c o r d .  The f i n a l  / "  i s  r e q u i r e d .
P rogram  E x e c u tio n
I t  i s  assum ed i n  th e  fo llo w in g  t h a t  th e  in p u t  d a ta  f i l e  has  
b e e n  p re p a re d  p r i o r  to  t h e  e x e c u t io n  o f  th e  s im u la to r .  The n o t a t io n  f o r  
th e  d ia lo g u e  below  h a s  a l l  u s e r  re s p o n s e s  u n d e r l in e d .  A ll  re s p o n s e s  a r e  
te r m in a te d  by  ty p in g  a new l i n e  c h a r a c t e r .  The s im u la to r  prom pts th e  
u s e r  f o r  p a ra m e te r  in f o r m a t io n  by way o f  t h e  tim e s h a r in g  t e r m in a l .  The 
s im u la t io n  r e p o r t ,  h o w ev er, i s  s e n t  to  th e  l i n e  p r i n t e r .  I f  th e  u s e r  
d e s i r e s  th e  o u tp u t  r e p o r t  on th e  te r m in a l ,  th e  ASSIGN command sh o u ld  be 
u se d  to  r e d i r e c t  th e  o u tp u t .
The s im u la to r  i s  in v o k ed  w ith  th e  RUN command by ty p in g  
RU QLOSIM . The p rogram  ty p e s  o u t
QUATERNARY LOGIC SIMULATOR -  QLOSIM 
ENTER FILE NAME CONTAINING CIRCUIT DATA:
The u s e r  re s p o n d s  by e n t e r in g  th e  f i l e  name o f  th e  in p u t d a ta  f i l e  t h a t  
was p re p a re d  e a r l i e r .  The n e x t  prom pt r e q u e s t s  th e  method of t r e a t i n g  
th e  tim e  v a lu e s  c o n ta in e d  in  th e  dynam ic node change re c o rd s .  The 
r e q u e s t  i s
HOW ARE TIME VALUES GIVEN FOR DYNAMIC LOGIC CHANGES?
1 = ABSOLUTE
2 = RELATIVE TO PREVIOUS CHANGE
The u s e r  re s p o n d s  by e n t e r in g  o r  ^  d e p e n d in g  on how th e  d a ta  was p r e ­
p a re d . N e x t, th e  m ethod o f  r e p o r t in g  i s  r e q u e s te d  by
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ENTER REPORT FORMAT STYLE;
1 = EACH REQUESTED NODE CHANGE REPORTED
2 = ALL NODES REPORTED AT SPECIFIED TIME INCREMENTS
I f  th e  r e s p o n s e  i s  th e  s im u la to r  w i l l  p r i n t  node changes as  th e y
o c c u r  f o r  th o s e  nodes to  be  r e p o r t e d .  A re s p o n s e  o f  2  means t h a t  th e
s im u la to r  w i l l  p r i n t  v a lu e s  f o r  a l l  r e p o r t a b l e  n o d e s  a t  s u c c e s s iv e  tim e  
v a lu e s .  I f  2  I s  e n te r e d ,  th e  p rogram  w i l l  f o l lo w  w ith  a  r e q u e s t  to  
e n te r  th e  tim e  v a lu e .  For exam ple, i f  100 i s  e n te r e d ,  th e  s im u la to r  
w i l l  r e p o r t  node lo g ic  v a lu e s  a t  e v e ry  100 tim e  u n i t s .  A c tu a l ly ,  th e  
r e p o r t  w i l l  o c c u r  a t  th e  tim e  o f  th e  n e x t  lo g ic  change  w hich i s  g r e a t e r  
th a n  o r  e q u a l  to  a m u l t ip le  o f  100 tim e  u n i t s .  The n e x t in p u t r e q u e s t  
i s  f o r  th e  r i s e / f a l l  tim e  d e la y  betw een  s u c c e s s iv e  lo g ic  v a lu e s  and i s  
re q u e s te d  by
ENTER RISE/FALL TIME DELAY PER LOGIC LEVEL CHANGE:
The u s e r  r e s p o n s e  i s  a  num eric  tim e  d e la y  v a lu e  g r e a t e r  th an  z e ro .  The 
s to p  c o n d i t io n  i s  s e le c te d  n e x t  by 
ENTER STOP CONDITION:
1 = UNTIL ALL VALUES HAVE PROPAGATED
2 = SPECIFIED TIME LIMIT
An e n t r y  o f  1  w i l l  a llo w  th e  s im u la to r  to  p ro p a g a te  a l l  in p u t c o n d i t io n s  
u n t i l  no f u r t h e r  c i r c u i t  ch an g es o c c u r .  I f  2_ i s  e n te r e d ,  th e  program  
w i l l  prom pt f o r  a  tim e  v a lu e  e n t r y  t h a t  g iv e s  th e  te r m in a t io n  t im e . The 
second  o p t io n  i s  e s p e c i a l l y  good i f  th e  u s e r  i s  u n c e r t a i n  o f th e  s t a ­
b i l i t y  o f  th e  c i r c u i t  and n e e d s  to  c o n t r o l  th e  d u r a t io n  o f  th e  s im u la to r  
e x e c u t io n . The f i n a l  in p u t  p a ra m e te r  i s  th e  s e l e c t i o n  o f  th e  t im in g
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d iag ram  o p t io n .  The f i v e  p o s s i b i l i t i e s  a r e  r e q u e s te d  by 
ENTER TIMING DIAGRAM OPTION:
0 = NO DIAGRAM GENERATED
1 = 80 COLUMN PAGED OUTPUT DIAGRAM
2 = 80 COLUMN CONTINUOUS OUTPUT DIAGRAM
3 = 132 COLUMN PAGED OUTPUT DIAGRAM
4 = 132 COLUMN CONTINUOUS OUTPUT DIAGRAM
The o p t io n s  a r e  f a i r l y  s e l f - e x p l a n a t o r y .  The paged o u tp u t  d iag ram  
o p t io n  w i l l  p la c e  a  page h e a d in g  on each  page of th e  tim in g  d iag ram , 
w hereas th e  c o n tin u o u s  o p t io n  w i l l  n o t .  The 80 column r e p o r t  p la c e s  up 
to  s ix  nodes a c ro s s  th e  r e p o r t  w h i le  t h e  132 column can p r i n t  up to  te n  
nodes a c ro s s  th e  r e p o r t  p age . The c h o ic e s ,  o f  c o u rs e , g iv e  t h e  u s e r  
f l e x i b i l i t y  w i th  re g a rd  to  h i s  p a r t i c u l a r  p r i n t e r  o r  t e r m in a l .
F ig u re  A .2 g iv e s  a c o m p le te  e x e c u t io n  o u tp u t  f o r  a  sam ple 
c i r c u i t .  T h is  o u tp u t was o b ta in e d  by a s s ig n in g  th e  p r i n t e r  o u tp u t to  
th e  u s e r 's  te r m in a l .  P a r t s  2 th ro u g h  5 would n o rm a lly  c o m p rise  th e  p o r ­
t i o n  o f  t h e  r e p o r t  s e n t  to  th e  l i n e  p r i n t e r .
E r ro r  C o n d it io n  Summary 
T a b le  A. 2 g iv e s  a t a b u l a t i o n  o f  th e  s im u la to r  e r r o r  m essages 
and a  b r i e f  su p p le m e n ta l d e s c r i p t i o n  f o r  some. U n le ss  o th e rw is e  s p e c i ­
f i e d ,  th e  e r r o r s  a re  f a t a l  and c a u s e  im m ed ia te  te r m in a t io n  o f  th e  
s im u la to r  e x e c u t io n . N orm ally , th e  l o c a t io n  o f  th e  e r r o r  m essage in  th e  
o u tp u t r e p o r t  g iv e s  an i n d i c a t i o n  o f  t h e  i n v a l id  c o n d i t io n .  Some of th e  
e r r o r  c o n d i t io n s  a r e  th e  r e s u l t  o f  i n t e r n a l  checks t h a t  a r e  u sed  f o r  
debugging  p u rp o se s . T hese e r r o r  m essages shou ld  n o t o c c u r and a re  so 
la b e le d .
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RU QLOSIM
QUATERNARY LOGIC SIMULATOR -  QLOSIM
ENTER FILE NAME CONTAINING CIRCUIT DATA:
SRSFF7.DAT
HOW ARE TIME VALUES GIVEN FOR DYNAMIC LOGIC CHANGES ? 
f = ABSOLUTE
2 = RELATIVE TO PREVIOUS CHANGE
1
ENTER REPORT FORMAT STYLE:
1 = EACH REQUESTED NODE CHANGE REPORTED
2 = ALL NODES REPORTED AT SPECIFIED TIME INCREMENTS
1
ENTER RISE/FALL TIME DELAY PER LOGIC LEVEL CHANGE:
1
ENTER STOP CONDITION:
J = UNTIL ALL VALUES HAVE PROPAGATED 
2 = SPECIFIED TIME LIMIT
1
ENTER TIMING DIAGRAM OPTION:
0 = NO DIAGRAM GENERATED
1 = 80 COLUMN PAGED OUTPUT DIAGRAM
2 = 80 COLUMN CONTINUOUS OUTPUT DIAGRAM
3 = 132 COLUMN PAGED OUTPUT DIAGRAM
4 = 132 COLUMN CONTINUOUS OUTPUT DIAGRAM
Figure A.2. Illustration of a Complete Simulator Output - Part 1
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QUATERNARY LOGIC SIMULATOR - QLOSIM
QLOSIM INPUT DATA FILE = SRSFF7.DAT
GATE ID GATE TYPE GATE DELAY 0 0 0 0 0 0 6 A T E  NODESOC
G1 0R2 10 R NQ A
G2 0R2 10 S Q B
G3 NMAX2 10 A NQ Q
G4 NMAX2 10 B Q NQ
INITIAL NODE CONDITIONS:
NODE R LOGIC VALUE 0
NODE S LOGIC VALUE 0
NODE Q LOGIC VALUE 1
NODE NQ LOGIC VALUE 2
DYNAMIC NODE CHANGES:
NODE ID TIME VALUE TIME VALUE TIME VALUE TIME VALUE TIME VALUE
S 1 2 0 0 0 0 0 0 0 0
R 1 1 0 0 0 0 0 0 0 0
NODES REPORTED:
S R Q NO B
INPUT PARAMETER SUMMARY:
DYNAMIC CHANGE TIME VALUES ARE ABSOLUTE 
ALL (REQUESTED) NODE CHANGES REPORTED 
RISE/FALL TIME PER LOGIC LEVEL CHANGE = 1
SIMULATION STOPS WHEN ALL CHANGES HAVE PROPAGATED 
TIMING DIAGRAM GENERATED
END INPUT DATA REPORT
Figure A.2. Illustration of a Complete Simulator Output - Part 2
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
SRSFF7.DAT INITIAL CIRCUIT CONDITIONS;
NODE R INITIAL VALUE = 0
NODE NQ INITIAL VALUE = 2
NODE A INITIAL VALUE 2
NODE S INITIAL VALUE = 0
NODE Q INITIAL VALUE = 1
NODE B INITIAL VALUE = 1
QUATERNARY LOGIC SIMULATOR 
SRSFF7.DAT SIMULATION RESULTS:
QLOSIM
TIME NODE PREV. VALUE NEW VALUE
1 S 0 1
1 R 0 1
2 S 1 2
11 A 2 3
12 B 1 2
13 B 2 3
21 Q 1 0
22 NQ 2 1
23 NQ 1 0
31 B 3 2
32 A 3 2
33 A 2 1
41 NQ 0 1
42 Q 0 1
43 Q 1 2
52 B 2 3
53 B 3 2
62 NQ 1 0
63 NQ 0 1
SIMULATION TERMINATED AT TIME 63
Figure A.2. Illustration of a Complete Simulator Output - Part 3
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QUATERNARY LOGIC SIMULATOR -  QLOSIM 
TIMING DIAGRAM FILE = SRSFF7.DAT
R NO A S Q B
TIME 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3  














ÜUATERNARY LOGIC SIMULATOR -  QLOSIM 
TIMING DIAGRAM FILE = SRSFF7.DAT
R NQ A S Q B




CPU TIME: 1 . 0 0  ELAPSED TIME: 5 : 2 2 . 6 5  
EXIT
Figure A.2. Illustration of a Complete Simulator Output - Part 5
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T ab le  A .2 . E r ro r  M essage Summary
_______________ M essage T ex t_______________
MISSING GATE ID, TYPE, OR DELAY 
INVALID GATE TYPE
INVALID NODE ID OR NODE QTY 
CIRCUIT ARRAYS CAPACITY EXCEEDED
INITIAL CONDITION NODE INVALID 
INITIAL CONDITION LOGIC VALUE INVALID 
TIME-EVENT QUEUE OVERFLOW 
DYNAMIC NODE ID INVALID 
DYNAMIC CHANGE LOGIC VALUE INVALID 
DYNAMIC NODE NOT INITIALIZED 
REPORT NODE INVALID -  SKIPPED 
PREMATURE END OF INPUT DATA 
INITIALIZATION SIMULATION FAILURE
INVALID GATE INDEX 
TIME-EVENT QUEUE STRUCTURE PROBLEM 
TIME-EVENT QUEUE OUT OF SEQUENCE 
LINK ERROR BETWEEN NODE & T-E LISTS 
LOGIC CHANGE GENERATED > 4 
GATE OUTPUT EVALUATION INVALID
Comment
Check in p u t  d a ta .
Type i s  n o t  one o f  
th o s e  g iv e n  in  
T ab le  A .I .
Check node f i e l d s .
More th a n  100 g a te s  
o r  200 n o d e s .
Check node ID .
Check node ID .
I n i t i a l i z e  th e  node. 
W arning .
Check node i n i t i a l i ­
z a t io n .
Should n o t o c c u r . 
Should n o t o c c u r . 
Should n o t o c c u r . 
Should n o t o c c u r . 
Should n o t o c c u r . 
Should n o t  o c c u r .
APPENDIX B
SIMULATOR SOURCE LISTING 
The QLOSIM s im u la to r  FORTRAN s o u rc e  l i s t i n g  i s  p ro v id e d  on th e  
fo llo w in g  p a g e s . N ote t h a t  th e  s o f tw a r e  i s  c o p y r ig h te d  and i s  th e  
p r o p e r ty  o f  th e  W este rn  E l e c t r i c  Company, I n c o r p o r a te d .  P e rm is s io n  to  





C QUATERNARY LOGIC SIMULATOR - QLOSIM 
C DECSYSTEM-10 VERSION
C ISSUE 1. MARCH, 1979
C ISSUE 1.1 MAY, 1979 - ADD TIMING DIAGRAM GENERATOR.
C AUTHOR MP TULL
C COPYRIGHT APRIL 1,1979 MONTE P. TULL 
C ALL RIGHTS TO THIS PROGRAM AND ASSOCIATED SUBROUTINES




C NODE LIST ARRAYS
COMMON /NLIST/NLNODE(200),NLIGPT(200),NLLVAL(200), 
1NLTEPT(200)
C GATE LIST ARRAYS
COMMON /GLIST/GLGATE(100),GLTYPE(100),GLHLAY<100), 
1GLINPT(100),GLÜNPT(100)
C TIME-EVENT LIST - DOUBLY LINKED
COMMON /TELIST/TETIME(500),TENPTR(500),TELVAL(500), 
1TENCEL(500),TENCSN(500)
C INPUT NODE LIST
COMMON /INLIST/INPTR(300),INNGPT(300)







C GATE TYPE TABLE
DATA GTPTAB / 'MAX2 ', 'MAX3", 'M A X 4 , 'MIN2 '. MIN3 ', 'MIN4 ",
1 'COMP', 'AND2', 'AND3','AND4','0R2', '0R3', '0R4', 'CYCL1', 
2'CYCL2','CYCL3','PLUS','NMAX2','NMAX3','NMAX4','NMIN2',
,'NAND4','N0R2','N0R3', 










8 '3LT23 ', ' 11NH2-',•' 11NH3 ', ' 11NH4 
9'3INH2''3INH3', 3INH4', '1UNIV^"2UNIV , '3UNIV\ 'MUX41 -/
C GATE NODE QUANTITY TABLE
DATA GNQTY/3,4,5,3,4,5,2,3,4,5,3,4,5,2,2,2,3,
13.4.5.3.4.5.3.4.5.3.4.5.3.2.2.2.2.2.2.2.2.2,
2 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 . 2 , 
33,4,5,3,4,5,3,4,5,7,7,7,6/
C




1 FORMAT(1 OX,'QUATERNARY LOGIC SIMULATOR - QLOSIM',//) 
WRITE(5,2)
2 FORMAT!' ENTER FILE NAME CONTAINING CIRCUIT DATA:',/) 
READ(5,3)FILNAM
3 FORHAT(AtO)
C ENTER RUN TIME PARAMETERS
101 URITE(5,11)
II FORMAT!' HOW ARE TIME VALUES GIVEN FOR DYNAMIC LOGIC,
1' CHANGES ?',/,5X,'1 = ABSOLUTE',/,
25X,-'2 = RELATIVE TO PREVIOUS CHANGE',/)
READ!5,*)TIMTYP
IFdlMTYP.NE.1 .AND. TIMTYP.NE.2)G0 70 101
102 WRITE(5,4)
4 FORMAT!' ENTER REPORT FORMAT STYLE:',/,5X,
I'1 = EACH REQUESTED NODE CHANGE REPORTED',/,5X,
2'2 = ALL NODES REPORTED AT SPECIFIED TIME INCREMENTS',/) 
READ(5,*)RPTSU 
IF(RPTSU.EQ.1)G0 TO 110 
IF(RPTSW.NE.2)G0 TO 102 
112 WRITE(5,6)
6 FORMAT!' ENTER TIME INCREMENT:',/)
READ(5,*)RPTIME 
IF(RPTiHE.GT.O)GO TO 110 
URITE(5,15)
15 FORMAT!' VALUE MUST BE POSITIVE")
GO TO 112
110 URITE!5,8)
8 FORMAT!" ENTER RISE/FALL TIME DELAY PER LOGIC LEVEL',
r  CHANGE:',/)
READ!5,*)DMVTIM 




9 FORMAT!' ENTER STOP CONDITION:',/,5X,
1'1 = UNTIL ALL VALUES HAVE PROPAGATED",/,5X,
2'2 = SPECIFIED TIME LIMIT',/)
READ!5,*)ST0PSW 
IF!ST0PSW.E0.1)G0 TO 120 
IF!ST0PSW.NE.2)G0 TO 111 
WRITE!5,10)




16 FORMAT!' ENTER TIMING DIAGRAM OPTION:",/.5X,
I'O = NO DIAGRAM GENERATED",/,5X,
2"1 = 80 COLUMN PAGED OUTPUT DIAGRAM',/,5X,
3"2 = 80 COLUMN CONTINUOUS OUTPUT DIAGRAM",/,5X,
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4-'3 = 132 COLUMN PAGED OUTPUT DIAGRAM",/,5X,
5-'4 = 132 COLUMN CONTINUOUS OUTPUT DIAGRAM"',/)
READ(5,t)FRMAT
IF(FRHAT.LT. 0 .OR. FRMAT.GT.4) GO TO 120 
IF(FRMAT.EQ.O) GO TO 126 






















C READ IN CIRCUIT DATA & LOAD NODE & GATE LISTS 
CALL INDATA(FILNAM,GTPTAB,GNQTY.FRMAT)
C
C INITIALIZE THE CIRCUIT 
CALL CINIT
C
13 FORHAT(5X,A10," INITIAL CIRCUIT CONDITIONS: ,/)
LINE:??
TIME=0
DO 130 J=1,NLNUM 
IF(LINE.LE.50)G0 TO 125 
WRITE(3,14)





12 F0RMAT(5X,"NODE ",A5," INITIAL VALUE = ',11)
LINE = LINE + 1 










C SIMULATE THE CIRCUIT
CALL SIHUL(FILNAH,FRHAT)
C








C LINIT ROUTINE INITIALIZES THE TIME-EVENT DATA STRUCTURE.
C THE TIME-EVENT LIST IS DOUBLY LINKED. -I IS KEPT IN 









TENCSN(1)=0 ; TETIME())=-1 
TENCEL(1)=2
TENCEL(500)=0 ; TETIME(500)=-1 
TENCSN(500)=499 





C CLEAR NODE LIST LOGIC VALUE ARRAY








C INDATA ROUTINE READS THE CIRCUIT DESCRIPTION DATA & STORES 
C THE DATA IN THE VARIOUS STRUCTURES. ALL DATA IS REPORTED. 
C ALL INITIAL CONDITIONS ARE PROPAGATED THRU THE CIRCUIT TO 
























2 FORMATdHI,22X,'QUATERNARY LOGIC SIMULATOR - QLOSIM',//,
118X,'QLOSIM INPUT DATA',1 OX,'FILE = ',A10,//,
22X,'GATE ID GATE TYPE GATE DELAY <><><><><><>', 
3'GATE N O D E S O O O O O O ' )
C CLEAR INPUT NODE LIST











C VERIFY INPUT DATA
IF(GATE.EQ.' ')G0 TO 400
IF(GTYPE.EQ.' ')G0 TO 400 
IF(GDLAY.£Q.O)GO TO 400 
C FIND GATE IN GATE TABLE 
DO 110 J=1,GATEMX 
IF(GTPTAB(J),EQ.GTYPE)GO TO 120 
110 CONTINUE





IF(NODE(K).EQ.' ')60 TO 420 
130 CONTINUE
IF(M.EQ.7) GO TO 131
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C LOAD GATE ARRAY 
131 GLNUM=GLNUM+1




C LOCATE NODES IN NODE LIST - K COUNTS HUM OF NODES IN RECORD 
K = 1
135 CALL FNDNOD(NODE(K),L)
IF (L.NE.0)60 TO 150 
C NODE NOT FOUND IN NODE LIST - ADD IT 
NLNUM=NLNUM+1




IF(K.EQ.M)GO TO 145 












C PACK INPUT NODE QTY WITH INPUT NODE LIST POINTER
147 GLINPT(GLNUrt) = ( (INNUM - (N-2)) * 256) + (M-l)
GO TO 100
C
C NODE WAS FOUND IN NODE LIST - UPDATE INPUT NODE LIST &
C CHANGE POINTER TO PREVIOUS GATE ON THIS NODE.
C IF K = H, THIS IS AN OUTPUT NODE.









C INPUT INITIAL CONDITIONS 
200 LINE=LINE+3




5 FORMATdHI ,22X,'QUATERNARY LOGIC SIMULATOR - QLOSIM-',//,
11 SX,'QLOSIM INPUT DATA',10X, FILE = ",A10)
205 WRITE(3,6)
6 FORMATdHO, ' INITIAL NOUE CONDITIONS: ",/)
210 READ(2û,*,END=999)NID,LVAL
IF(NID.EQ.'$$ -)G0 TO 230
LINE=LINE+1





8 FORMATdOX, 'NOUE ',A5.5X, LOGIC VALUE -',11)
IF(LVAL.LT.O .OR. LVAL.GT.3)G0 TO 460








C INPUT DYNAMIC LOGIC CHANGES. UPDATE TIME-EVENT QUEUE 
C FOR EACH CHANGE. ERROR EXISTS IF A DYNAMIC CHANGE 
C IS SPECIFIED FOR A NON-INITIALIZED NODE.
230 LINE=LINE+6




9 FORMATdHO,-' DYNAMIC NODE CHANGES: ',//,
12X,'N0DE ID-,5(2X,'TIME VALUE'))
C CLEAR PREVIOUS NODE VARIABLE - PNID 
PNID='
C CLEAR INPUT TIME S LOGIC VALUE LISTS





IF(NID.EQ.-'$* ')G0 TO 300
LINE=LINE+1






C VERIFY INPUT DATA - K COUNTS QTY OF LOGIC CHANGE ENTRIES 
K=0
DO 250 J=1 ,5
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IF(DVAL(J).LT.O .OR. DVAL(J).GT.3)G0 TO 490 
IF(IiTIHE(J).LE.O)GO TO 260 
K = K + 1  
250 CONTINUE
C FIND NODE IN NODE LIST 
260 CALL FNDNOD(NID.J)
IF(J.EQ.O)GO TO 480 
C NODE WAS FOUND - CHECK THAT IT WAS INITIALIZED 
IF(NLLVAL(J).EQ.99)G0 TO 500
C
C INSERT DYNAMIC CHANGES IN T-E QUEUE. MULTIVALUED 
C CHANGES ARE BROKEN DOWN INTO INDIVIDUAL T-E ENTRIES.
C T-E QUEUE INSERT SUBROUTINE PERFORMS THE QUEUE INSERTION.
280 IF(K.EQ.O)GO TO 240
C CHECK IF PREVIOUS NODE IS SAME AS CURRENT NODE
IF(PNID.EQ.NID)GO TO 281 
ITIME=0
PVAL=NLLVAL(J)
281 DO 290 L=1,K 




C COMPUTE HVAL = NUMBER OF LOGIC LEVEL CHANGES
284 MVAL=ABS(PVAL - DVAL(D)
IF<MVAL.EQ,0)GO TO 290 
DO 285 M=I,MVAL













C READ IN NODES TO BE REPORTED 
300 IF(LINE.LE.35)G0 TO 310
WRITE(3,5)FILNAM 
310 WRITE(3,12)
12 FORMATdHO, - NODES REPORTED:',/)
C CLEAR INPUT NODE LIST 




IF(NIDLSTd).EQ. $$ ')G0 TO 360
180
DO 320 L=1,I0
IF(NiriLST(L).EQ.' ')G0 TO 320 
CALL FNDNOD(NIDLST(L),J)
IF(J.NE.O)GO TO 325 
C ERROR 12 - REPORT NODE INVALID - NON-FATAL 
ERR=0 
ERRN0=I2
CALL ERROR(ERRNO,'REPORT NODE INVALID - SKIPPED ')
ERR=1 
GO TO 320 
C SET REPORT FLAG IN NODE LIST 






C FINISH PARAMETER REPORT
360 URITE(3,25)
25 FORMATdHO,-" INPUT PARAMETER SUMMARY:")
IF(TIMTYP.EQ.1)60 TO 361 
WRITE(3,22)
22 FORMATdHO,5X, "DYNAMIC CHANGE TIME VALUES ARE RELATIVE")
GO TO 362
361 URITE(3,23)
23 FORMATdHO,5X, "DYNAMIC CHANGE TIME VALUES ARE ABSOLUTE")
362 IF(RPTSU.EQ.1)G0 TO 365 
URITE(3,16)RPTIME
16 FORMATdHO.5X,-REPORT GENERATED EACH ■',14," TIME UNITS")
GO TO 370
365 URITE(3,17)
17 FORMATdHO,5X, "ALL (REQUESTED) NODE CHANGES REPORTED")
370 URITE(3,18)DMVTIM
18 FORMATdHO,5X,-"RISE/FALL TIME PER LOGIC LEVEL CHANGE = ",I3)
IF (STOPSW.EQ.DGO TO 380
WRITE(3,19)ST0PTM
19 FORMATdHO,5X, "SIMULATION STOPS AT TIME = ", 17)
GO TO 390
380 WRITE(3.20)
20 FORMAT(iHO,5X, "SIMULATION STOPS WHEN ALL CHANGES HAVE",
1" PROPAGATED")
390 IF(FRMAT.EQ.O) GO TO 391 
URITE(3,26)
26 FORMATdHO,5X, "TIMING DIAGRAM GENERATED")
GO TO 395
391 URITE(3,27)
27 FORMATdHO,5X, "NO TIMING DIAGRAM GENERATED")
395 WRITE(3,21)









C ERROR I - INVALID GATE ID, GATE TYPE, OR DELAY VALUE - FATAL 
400 ERRN0=1
CALL ERROR(ERRNO,'HISSING GATE ID, TYPE, OR DELAY 
C ERROR 2 - INVALID GATE TYPE - FATAL 
4)0 ERRN0=2
CALL ERRORIERRNO,"INVALID GATE TYPE 
C ERROR 3 - INVALID NODE ID - FATAL 
420 ERRN0=3
CALL ERROR(ERRNO,-INVALID NODE ID OR NODE QTY 
C ERROR 4 - CIRCUIT ARRAYS CAPACITY EXCEEDED - FATAL 
430 ERRN0=4
CALL ERRORIERRNO, CIRCUIT ARRAYS CAPACITY EXCEEDED 
C ERROR 6 - INITIAL CONDITION NODE INVALID - FATAL 
450 ERRN0=6
CALL ERRORIERRNO, INITIAL CONDITION NODE INVALID 
C ERROR 7 - INITIAL CONDITION LOGIC VALUE INVALID - FATAL 
460 ERRN0=7
CALL ERRORiERRNO,'INITIAL CONDITION LOGIC VALUE INVALID
C ERROR 9 - DYNAMIC NODE ID INVALID - FATAL 
480 ERRN0=9
CALL ERRORIERRNO, DYNAMIC NODE ID INVALID
C ERROR )0 - DYNAMIC CHANGE LOGIC VALUE INVALID - FATAL
490 ERRN0=10
CALL ERRORIERRNO,'DYNAMIC CHANGE LOGIC VALUE INVALID 
C ERROR 11 - DYNAMIC CHANGE NODE NOT INITIALIZED - FATAL 
500 ERRN0=11
CALL ERRORIERRNO,'DYNAMIC NODE NOT INITIALIZED 
C ERROR 13 - PREMATURE END OF INPUT DATA - FATAL 
999 ERRN0=13










FIND NODE SUBROUTINE -  FNDNOD.
SCANS NODE LIST SEARCHING FOR SNODE.
RETURNS K=0 IF NOT FOUND, ELSE K POINTS 
NODE LIST CELL FOUND.
SUBROUTINE FNDNOD(SNODE.K)
IMPLICIT INTEGER (A-Z)




DO 100 J=1,NLNUM 
I F ( SN0DE. EQ. NLN0DE( J ) ) 60  TO 110
182
100 CONTINUE






C CIRCUIT INITIALIZATION ROUTINE - CINIT.
C PROPAGATES INITIAL LOGIC VALUES THRU THE CIRCUIT 















C TO INITIALIZE CIRCUIT, SCAN GATE LIST AND SIMULATE UNTIL 




DO 200 GCTR=I,GLNUM 
NPTR=GLONPT(GCTR)
M=M0D(NLLVAL(NPTR),256)
IF(M.NE.99)G0 TO 200 
F0UND=1
C OUTPUT NODE HAS NO ESTABLISHED VALUE, FIND INPUT NODES.
C UNPACK INPUT NODE POINTER & INPUT NODE QTY. (MODULO 256) 
K=GLINPT(GCTR)
INLPTR=K i 256 
INL0TY=M0D(K,256)
C CHECK IF INPUT NODES HAVE ESTABLISHED VALUES & LOAD 
C VALUES IN NVAL ARRAY.
DO 120 K=1,INLQTY 
NPTR1=INPTR(INLPTR+(K-D)
M=M0D(NLLVAL(NPTR1),256)
IF(H.EQ.99)60 TO 200 
NVAL(K)=M 
120 CONTINUE
C ALL INPUTS HAVE A VALUE. COMPUTE GATE FUNCTION.
CALL GEVAL(GLTYPE(GCTR),NVAL.LVAL)
C UPDATE OUTPUT NODE VALUE. PRESERVE REPORT FLAG.




C CHECK IF ANY NEW NODES FOUND S ANY NEW NODES ADDED. 
IF(FOUND.EQ.O)GO TO 250 
IF(ADDEH.EQ.O)GO TO 210 
C MAKE ANOTHER PASS 
GO TO 100
C
C ERROR 15 - NODE WAS FOUND BUT NO NODES ADDED - FATAL 
210 ERRN0=I5






C GATE EVALUATION ROUTINE - GEVAL.













C INCREMENT EACH LOGIC VALUE PASSED. THEY WILL BE IN A RANGE 
C FROM 1 - 4 AFTER INCREMENTING TO USE FOR TABLE SUBSCRIPTS.




C BRANCH TO INDIVIDUAL GATE ROUTINES
GO TO (1,2,5,4,5,6,7,3,9,10,11,12,13,14,15,
1 I 6 , 1 7 , 1 8 , i 9 , 2 0 , 2 1 , 2 2 , 2 3 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 , 2 9 ,
230,31 ,32.33,34,35, 36,37,38,39,
3 3 1 . 3 2 . 3 3 . 3 4 . 3 5 . 3 6 . 3 7 . 3 3 . 3 9 ,
4 3 1 . 3 2 . 3 3 . 3 4 . 3 5 . 3 6 . 3 7 . 3 8 . 3 9 ,
540.41,42,40,41,42,40,41,42,43,43,43,44),GTYPE 
GO TO 500 
C 2-INPUT MAX GATE
1 LVAL=MAXTBL(NVAL(t),NVAL(2))
GO TO 100
C 3-INPUT MAX GATE




C 4-INPUr MAX GATE
3 J=MAXTBL(NVAL(1),NVAL(2)) + I
K=MAXTBL(NVAL(3),NVAL(4)) + 1 
LVAL=MAXTBL(J,K)
60 TO 100 
C 2-INPUT MIN GATE
4 LVAL=MINTBL(NVAL(I),NVAL(2)) 
60 TO 100
C 3-INPUT MIN GATE
5 J=MINTBL(NVAL(1),NVAL(2)> + 1
LVAL=MINTBL(J,NVAL(3))
60 TO 100 
C 4-INPUT MIN GATE
6 J=MINTBL(NVAL(1),NVAL(2)) + 1 
K=MINTBL(NVAL(3),NVAL<4)) + 1 
LVAL=HINTBL(J,K)
60 TO 100 
C PSEUDO-COMPLEMENT GATE
7 LVAL=3 - (NVAL(I) - 1)
60 TO 100
C 2-INPUT AND GATE
8 LVAL=ANDTBL(NVAL(1),NVAL(2)) 
60 TO 100
C 3-INPUT AND GATE
9 J=ANDTBL(NVAL(1),N0AL(2)) + 1
LVAL=ANDTBL(J,NVAL(3))
60 TO 100 
C 4-INPUT AND GATE
10 J=ANDTBL(NVAL(1),NVAL(2)) + 1
K=ANDTBL(NVAL(3),NVAL(4)) + 1
LVAL=ANDTBL(J,K)
60 TO 100 
C 2-INPUT OR GATE
11 LVAL=0RTBL(NVAL(t),NVAL(2))
GO TO 100
C 3-INPUT OR GATE
12 J=0RTBL(NVAL(1),NVAL(2)) + 1 
LVAL=0RTBL(J.NVAL(3))
60 TO 100 
C 4-INPUT OR GATE
13 J=0RTBL(NVAL(1),NVAL(2)) + 1 
K=0RTBL(NUAL(3),NVAL(4)) + 1 
LVAL=0RTBL(J,K)
60 TO too 
C CYCLE 1 GATE
14 LVAL=M0D((NVAL(1)-1)+1,4)
60 TÛ 100
C CYCLE 2 GATE
15 LVAL=M0D((NVAL(1)-1)+2,4)
GO TO 100
C CYCLE 3 GATE
O fO O  ̂j
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K = U K I B L ( N V A L ( j ) , N V A L ( 4 ; ;  +  1 
LVAL= 3 - (ORTBL(J,K))
GO TO 100
C NOT PLUS
30 LVAL = (NVAL(I) - 1) + (NVAL(2) - 1)
IF(LVAL.GT.3) LVAL=3
LVAL = 3 - LVAL 
GO TO 100
C
C LITERAL GATES - RECALL THAT NVAL WAS INCREMENTED BY 1
C AT START OF SUBROUTINE.
C
C LITERAL 0,0
31 IF(NVAL(I).EQ.1)G0 TO 100
GO TO 200
C LITERAL 1,1
32 IF(NVAL(1).EQ.2)G0 TO 100
GO TO 200
C LITERAL 2,2
33 IF(NVAL(1).EQ.3)G0 TO 100
GO TO 200
C LITERAL 3,3
34 IF(NVAL(1).EQ.4)G0 TO 100
GO TO 200
C LITERAL 0,1
35 IF(NVAL(D.EQ.1 .OR. NVAL(1).EQ.2)G0 TO 100
GO TO 200
C LITERAL 0,2
36 IF(NVAL(1).NE.4)G0 TO 100 
GO TO 200
C LITERAL 1,2
37 IF(NVAL(1).EQ.2 .OR. NVAL(1).EQ.3)G0 TO 100
GO TO 200
C LITERAL 1,3
38 IF(NVAL(1).NE.1)G0 TO 100 
GO TO 200
C LITERAL 2,3
39 IF(NVAL(1).EQ.3 .OR. NVAL(1).EQ.4)G0 TO 100
GO TO 200
C
C SET LITERAL OUTPUT VALUE. ACCOMPLISHED BY KNOWING THE
C LITERAL'S ARRAY POSITION RELATIVE TO ARRAY POSITION 31.




C 2-INPUT INHIBIT GATE
40 IF(NVAL( 1 ).GT.1 .OR. NVAL(2).GT.1 )G0 TO 1,00
GO TO 300
C 3-INPUT INHIBIT GATE
41 IF(NVAL(1).GT.1 .OR. NVAL(2).GT.1 )G0 TO 100
187
NVAL(2).GT.I)G0 TO 100 
NVAL(4).GT.1)G0 TO 100
ACCOMPLISHED BY 
INHIBIT IS IN ARRAY
IF(NVAL(3).GT.1)G0 TO 100 
GO TO 300 




C SET INIHIBIT GATE OUTPUT VALUE.
C KNOWING THE VALUE OF GTYPE. 1ST 
C POSITION 58.
300 K = ((GTYPE -58) / 3) + 2




43 IF(NVAL(5).GT.l .OR. NVAL(6).GT.l)G0 TO 100
K = HAXTBL (NVAL(1),NVAL(2))
J = (NVAL(3)-1) + (NVAL(4)-1)
IF(J.GT.3) J=3 
LVAL = J + K 
IF(LVAL.GT.3) LVAL=3 





LVAL = L - LVAL 
GO TO 100
C













IF(NVAL(5).EQ.4) LVAL=NVAL(4) - 1 
GO TO 100
16 - INVALID GATE INDEX - FATAL 
ERRN0=16
CALL ERROR(ERRNO,-INVALID GATE INDEX
22 - GATE OUTPUT INVALID - FATAL 
ERRNO = 22
CALL ERROR(ERRNO, GATE OUTPUT EVALUATION INVALID 
IF'LVAL.LT.O .OR. LVAL.GT.3) GO TO 510
RETURN
END
ERROR MESSAGE ROUTINE - ERROR 









IF(ERR.EQ.O)GO TO 100 
URITE(5,1)ERRN0,HSG 










C TIME-EVENT QUEUE INSERT ROUTINE - TEINST.
C UPDATES THE T-E QUEUE BASED ON THE NODE, TIME & LOGIC 















IF(ITIH£.LT.TETIME(TELCU))GO TO 120 
M=TELOU
100 IF(TENCEL(H) .EQ.O)GO TO 140
IF(ITIME.LT.TETIME(TENCEL(M)))GO TO 130 
M=TENCEL!M)
GO TO 100 




GO TO 150 
C NEW TELOW CELL 
120 TENCEL(J)=TELOW
TELOW=J 
GO TO 150 
C NORMAL T-E INSERT 
130 TENCEL(J)=TENCEL(M)
TENCEL(M)=J 
GO TO 150 









C LINK NLIST TO TELIST. IF LINK EXISTS ALREADY, UPDATE 













GET TIME-EVENT CELL ROUTINE - GTECEL 
SECURES THE NEXT T-E FREE CELL, IF AVAILABLE,







IF(TEFREE.EQ.O)GO TO 100 




C ERROR 3 - TIME-EVENT QUEUE OVERFLOW - FATAL 
100 ERRN0=8
CALL ERR0R(£RRN0,•'TIME-EVENT QUEUE OVERFLOW 
C ERROR 17 - TIME-EVENT QUEUE STRUCTURE PROBLEM - FATAL 
110 ERRN0=17




C TIME-EVENT QUEUE RETURN CELL ROUTINE - RTECEL,

















C SIMULATE SUBROUTINE - SIMUL.























C EXAMINE TIME-EVENT QUEUE TO FIND ALL NODES TO BE UPDATED AT 
C THE CURRENT LOWEST TIME (TETIME(TELOW)). CONSTRUCT A LIST 
C OF THESE NODES IN CHGLST WHICH CONSISTS OF POINTERS TO THE 
C SELECTED T-E QUEUE CELL(S). IF MORE THAN ONE ENTRY EXISTS 
C FOR THE SAME NODE, THE NEAREST LOGIC VALUE TO THE CURRENT 
C NODE VALUE IS SELECTED.
C




110 IF(TETIME(TEPTR).GT.TIME)GO TO 200
IF(TETIME(TEPTR).LT.TIME)GO TO 470 
IF(CHGNUM.EQ.O)GO TO 130 
C CHECK IF NODE ALREADY IN CHGLST 




C NOT FOUND IN CHGLST - ADD IT 
130 CHGNUM=CHGNUM+1
CHGLST(CHGNUM)=TEPTR 
C SET DELETE FLAG ON T-E CELL 




I K  I h K I K . t U . Ü )  
GO TO 110
6Ü TO 200
C T-E NODE WAS FOUND IN CHGLST. DETERMINE IF CHGLST 
C ENTRY SHOULD BE SUPERCEEDED. K POINTS TO NODE.
140 DVAL1=ABS(NLLVAL(K) - TELVAL(CHGLST(J)))
DVAL2=ABS(NLLVAL(TENPTR(TEPTR)) - TELOAL(TEPTR)) 
IF(DVAL1.LE.DVAL2)G0 TO 135 
C SUPERCEED CURRENT CHGLST VALUE.
CHGLST(J)=TEPTR 
GO TO 135
C SIMULATE THE NODE CHANGES THAT WERE LOADED INTO CHGLST.
C TO EVALUATE THE AFFECTED GATES, THE CHGLST IS CONSULTED 
C FOR ALL INPUT NODES TO SEE IF A SIMULTANEOUS LOGIC CHANGE 
C IS PENDING. IF SO, THE NEW VALUE IS USED. IF NOT FOUND 
C IN CHGLST, THEN THE CURRENT NLLVAL VALUE IS USED.
C
200 DO 400 J=1.CHGNUM 
PRTSW = 0 
NXTGTE=0
NPTR=TENPTR<CHGLST(J))
C UPDATE NODE VALUE. PRESERVE REPORT FLAG.
OLDVAL=MOD(NLLVAL(NPTR),256)
NLLVAL (NPTR) = (( NLLVAL(NPTR)/256):*:256) + HOD( TELVAL(CHGLST( J) ) ,256 
C IF THIS NODE IS REPORTABLE, CHECK FOR TIMING DIAGRAM OUTPUT.
RFLAG = NLLVAL(NPTR) / 256 
IF(RFLAG.EQ.O) GO TO 205




C SET GPTR TO FIRST GATE ON NODE.
205 GPTR=NLIGPT(NPTR)
C IS THIS AN OUTPUT-ONLY NODE? IF SO, GPTR WILL BE ZERO.
IF(GPTR.EQ.O)GO TO 250 
C GET INLIST POINTER S QTY 
210 NLIST=GLINPT(GPTR) / 256
N0TY=M0D(GLINPT(GPTR),256)
C M COUNTS THE INPUT NODE QTY. AT END OF LOOP NXTGTE WILL 
C POINT TO NEXT GATE ON THIS NODE.
M=0
NSTOP=NLIST + NÛTY - 1 
DO 240 K=NLIST,NSTOP 
C CHECK IF THIS INPUT LIST NODE IS EQUAL TO THE CURRENT NODE BEING 
C UPDATED. IF SO, THEN SET NXTGTE.
IF(INPTR(K).NE.TENPTR(CHGLST(J)))GO TO 220 
NXTGTE=INNGPT(K)
220 M=M+I
C SEE IF THIS INPUT LIST NODE IS PENDING UPDATE AT THIS TIME.
C ARE THE POINTERS EQUAL?
193 .
DO 230 N=l,CHGNUM
IF(INPTR(K).NE.TENPTR(CHGLST(N)))GO TO 230 
NVAL(M)=MOD(TELVAL(CHGLST(N)),256)
GO TO 240 
230 CONTINUE




C EVALUATE GATE FUNCTION.
CALL GEVAL(GLTYPE(GPTR),NVAL,LVAL)
C REPORT CHECK
250 IF(RPTSW.EQ.2)G0 TO 315
C CHECK IF RESULTS HAVE BEEN PRINTED. IF SO, PRTSW = 1. 
IF(PRTSU.EQ.1) GO TO 315 
PRTSW = 1
RFLAG=NLLVAL(NPTR) / 256 
IF(RFLAG.EQ.O)GO TO 315 
IF(LINE.LE.50)60 TO 260 
WRITE(3,1)FILNAM
1 F0RMAT(1H1,22X,’QUATERNARY LOGIC SIMULATOR - OLOSIM",//, 
15X,A10,' SIMULATION RESULTS:’,/)
WRITE(3,2)





.3 FORMAK I4X,I5,3X,A5,8X,I1,12X,I1 )
C
C SCHEDULE THE T-E ENTRIES FOR THE GATE OUTPUT 
C NODE AT TIME = (TIME + GLDLAY).
C CHECK AGAIN IF THIS IS AN OUTPUT ONLY NODE.
315 IF(GPTR.£Q.0)G0 TO 400
ONPTR=GLONPT(GPTR)
TEPTR=NLTEPT(ONPTR)
IF(TEPTR.EQ.-1)G0 TO 330 
C FOR THE OUTPUT NODE, CHECK FOR T-E ENTRIES WITH A TIME 
C >= (CURRENT TIME + GLDLAY). UNSCHEDULE THESE ENTRIES BY SETTING
C THEIR DELETE FLAG. ALSO FIND THE LOGIC VALUE FOR THE T-E
C ENTRY WITH THE LARGEST TIME < CURRENT TIME, IF ANY.
C VARIABLE HIT DETERMINES IF ANY VALID (UNDELETED)
C ENTRIES ARE FOUND. IF SO, HIT IS > 0.
HIT = 0 
LTIME = 0 
TEPTR1=TEPTR
ITIME = TIME + GLDLAY(GPTR)
N = TEPTR 




323 HIT = HIT + 1
IF(TETIME(N).LT.ITIME) GO TO 321 
TELVAL(N) = TELVAL(N) + 256 
HIT = HIT - I 
GO TO 325





C NO T-E ENTRIES EXIST FOR NODE - USE CURRENT LOGIC VALUE. 
330 KVAL=M0D(NLLVAL(0NPTR),256)
GO TO 345
C USE T-E PENDING LOGIC VALUE FOR NODE VALUE, IF HIT > 0. 
340 IF(HIT.LE.O) GO TO 330
IF(LTIME.EQ.O) GO TO 330 
K'VAL=M0D(TELVAL(TEPTR1 ),256)
C COMPUTE NUMBER OF LOGIC LEVEL CHANGES.
345 MVAL=ABS(KVAL-LVAL)
IF(MVAL.EQ.O)GO TO 380 
IF(MVAL.GT.4)G0 TO 480 
ITIME=TIHE + GLDLAY(GPTR) 
no 370 M=1,MVAL 
C DETERMINE DIRECTION OF CHANGE.
IF(KVAL.GT.LVAL)GO TO 350 
JVAL=KVAL + M 
GO TO 360 
350 JVAL=KVAL - M
360 CALL TEINST(ONPTR,ITIME,JVAL)
ITIME=ITIME + DMVTIM 
370 CONTINUE
C
C CHECK NEXT GATE TO BE SIMULATED 
380 IF(NXTGTE.EQ.O)GO TO 400
GPTR=NXTGTE 
GO TO 210 
400 CONTINUE
C





C CHECK FOR STOP TIME.
425 IF(5T0PSU.EQ.1)G0 TO 450
IF(TIME.GE.STOPTM)GO TO 460
C
C CHECK EACH 5000 TIME UNITS TO INSURE NO CIRCUIT 
C OSCILLATION EXISTS.




C ASK FOR CONFIRMATION TO CONTINUE SIMULATION.
WRITE(5,6)
Ô FORMAT(5X.-5000 TIME UNITS HAVE ELAPSED - ENTER 0 TO CONTINUE",/)
READ(5,*)C0NTSW 
IF(CONTSU.EQ.O)GO TO 100 
460 URITE(3,7)TIHE
7 F0RMAT(1H0,15X,•'SIMULATION TERMINATED AT TIME ',17)
GO TO 500
C
C REPORT TO BE MADE AT TIME INTERVALS - CHECK THE TIME.
270 NRPCNT=TIME / RPTIME
IF(NRPCNT.LE.RPCNT)GO TO 425 
RPCNT=NRPCNT 




4 F0RMAT(1H0,I0X,'LOGIC VALUES AT TIME ',17,//,
11 5X, "NODE VALUE-',/)
GO TO 290 
280 WRITE(3,4)TIME
290 DO 310 N=t,NLNUM
RFLAG=NLLVAL(N) / 256 
IF(RFLAG.EQ.O)GO TO 310 











C ERROR 18 - TIME-EVENT QUEUE OUT OF SEQUENCE - FATAL 
470 ERRN0=18
CALL ERROR(ERRNO,'TIME-EVENT QUEUE OUT OF SEQUENCE ')
C
C ERROR 21 - LOGIC CHANGE GENERATED > 4 - FATAL 
480 ERRN0=21






















PRVCEL = TEPTR 
100 DFLAG=TELVAL(TEPTR) /' 256 
IF(DFLAG.EQ.O)GO TO 250 
C T-E CELL MARKED FOR DELETION - SECURE ALL LINKS IN NLIST 
C & T-E QUEUE LISTS.
NPTR=TENPTR(TEPTR)
C ALTER NLIST T-E POINTER VALUE.
IF(NLTEPT(NPTR).EQ.-1)G0 TO 400 
IF(NLTEPT(NPTR),EQ.TEPTR)GO TO 150 
C NLIST T-E POINTER POINTS ANOTHER T-E CELL. SCAN T-E LIST 
C TO FIND CORRECT CELL.
TECELL=NLTEPT(NPTR)
TENEXT=TENCSN(TECELL)
130 IF(TENEXT.EQ.TEPTR)GO TO 140




C CELL WAS FOUND - UPDATE TENCSN LINKS 
140 TENCSN(TECELL)=TENCSN(TENEXT)
GO TO 160
C NLTEPT POINTED TO T-E CELL BEING DELETED.
150 NLTEPT(NPTR) = TENCSN(TEPTR)
IF(TENCSN(TEPTR).EQ.O) NLTEPT(NPTR) = -1 
C DELETE & RETURN THE T-E CELL TO THE FREE POOL.
160 IF(TELOU.EQ.TEPTR) GO TO 170
C UPDATE PREVIOUS T-E CELL'S NEXT CEL POINTER 
TENCELiPRVCEL) = TENCEL(TEPTR)
GO TO 180 
C SET NEW TELOW VALUE 
170 TELOW = TENCEL(TEPTR)
ISO TELVAL(TEPTR)=0
C SAVE CURRENT VALUE OF TENCEL(TEPTR); IT WILL BE ALTERED BY 





C CHECK FOR NEXT CELL OR END-OF-LIST.
197.




250 IF(TENCEL(TEPTR).EQ.O)GO TO 500




C ERROR 19 - LINK ERROR IN NODE & TIME-EVENT LISTS - FATAL 
400 ERRN0=19





C TIMING DIAGRAM GENERATOR - TIHGEN.
C GENERATES A FOUR-LEVEL TIMING DIAGRAM FOR 
C CIRCUIT NODES SELECTED FOR REPORTING.
C 30 OR 132 COLUMN, PAGED OR CONTINUOUS FORMAT 








DIMENSION RPTLSTdOO).LVAL(IO) .CVAL ( 1 0). PUAL( 2 J  0 )
DATA HEADI/10  ̂ 0 ! "/
DATA HEAD2/10 * ' 2 3 V
C OPEN TIMING DATA FILE
0PEN(UNIT=21,DEVICE= DSK-,ACCESS:"SEOIN',FILE=-TIMING.DAT-)
C









DO 100 J=1.100 
RPTLST(J) =
100 CONTINUE
102 DO 101 J=1,10
LVAL(J) = 0 
CVAL(J) = 0
101 CONTINUE 
IF(FRMAT.LT.S) GO TO 105
198
IF(FRHAT.EQ.4> LINE = -I 
H0DQTY=10
HEAD = (GROUP * 10) + 1 
TAIL = HEAD + 9 
IF(LINE.NE.-I)G0 TO 110 
URITE(3,5)FILNAM
5 F0RNAT(iH1,22X,-QUATERNARY LOGIC SIMULATOR - QLOSIM',//,
1I7X,'TIMING DIAGRAM'-, 16X,'FILE = ',A10,/)
6 FORHAT(4X,10(7X,A5))
16 F0RMAT(3X, - TIME , 1 0 (2A5,2X) )
GO TO 110
105 M0DQTY=6
IF(FRMAT.EQ.2) LINE = -1 
HEAD = (GROUP * 6) + 1 
TAIL = HEAD + 5 
IF(LINE.NE.-1)G0 TO 110 
URITE(3.5)FILNAM
7 F0RMAT(4X,6(7X,A5))
17 F0RMAT(3X, TIME •',6(2A5,2X ))
C
110 EOF = 0
READ(21,1,END=500)TIME,N0DE,NLVAL




C CHECK FOR NODE IN LIST BEING REPORTED 
115 DO 120 J=HEAD,TAIL
IF(N0DE.EQ.RPTL3T(J) ) GO TO 200
120 CONTINUE
C NOT FOUND - CHECK IF THIS IS FIRST PASS THRU FILE. 
IF(GROUP.EQ.O) GO TO 125 
GO TO 111
C CHECK IF NODE IS IN RPTLST. IF NOT, ADD IT.
125 IF(LSTQTY.LT.TAIL) GO TO 145
K = TAIL + 1 
DO 130 M=K,LSTQTY 
IF(NODE.EQ.RPTLST(M)) GO TO 111 
130 CONTINUE
C NOT FOUND IN RPTLST 
140 LSTQTY = L3TQTY + 1
RPTLST(LSTQTY) = NODE 
GO TO 111 
145 LQTY = LQTY + 1
LSTQTY = LSTQTY + 1
RPTLST(LSTQTY) = NODE 
LVAL(LQTY) = NLVAL 
GO TO 111
C
C SAVE LOGIC CHANGE DIRECTION IN CVAL LIST.
C IF THIS IS AN INITIALIZATION RECORD (TIME = 0).
199
i: UPDATE LVAL LIST ONLY.
200 SAVEJ = J - 1
IFdlME.GT.TTIHE) GO TO 300 
205 HIT = 1
H = MOD(SAVEJ,MODQTY) + 1
IF(TIHE.NE.O) GO TO 210 
LVAL(M) = NLVAL 
GO TO 111 
210 CVAL(M) = NLVAL - LVAL(H)
GO TO 111
C
C REPORT NODE VALUES.
C CHECK TIME DIFFERENTIAL. IF > 10, RESTART TIME.
300 PNUM = (HEAD + LQTY) - 1
DTIME = TTIME - PTIME 
IF(DTIHE.LE.IO) GO TO 330 
C TERMINATE PREVIOUS TIME S RESTART AT (TIME - 1).
DO 310 N=1,LOTY 
PVAL(1,N) = ■■
PVAL(2,N) =
LVAL1 = LVAL(N) + I
GO TO (311,312,313,314),LVAL1




313 PVAL(2,N) = ■■ !
GO TO 310
314 PVAL(2,N) = !•'
310 CONTINUE
PTIME = PTIME + 1 
IF(LINE.GE.O) GO TO 320 
IF(HD0NE.EQ.1) GO TO 325 
HDONE = 1












10 F 0 R M A T ( i x , I 6 , n , i 0 ( 2 A 5 , 2 X ) )
URITE(3,li)
11 FORMAT ( 1 HO ,7X,  NO C H A N G E - - - - - - - ••■',/)
IF(LINE.GE.O) LINE = LINE + 4
RESTRT = 1
200
GO TO 3 6 0
C
C BRING DIAGRAM UP TO CURRENT TIME
330 N = TTIME - PTIME 
IF(N.LE.I) GO TO 360 
DO 340 N = M Q T Y  
PVALd ,N) = '
PVAL(2,N) = '■
LVAL1 = LVAL(N) + 1
GO TO (331 ,332,333,334),LVAL1
331 PVALd.N) = •-!
GO TO 340
332 PVALd.N) = ■' ! "
GO TO 340
333 PVAL(2,N) = " !
GO TO 340
334 PVAL(2,N) = !'
340 CONTINUE
PTIME = PTIME + 1 
MTIME = H0D(PTIME,5)
IF(LINE.GE.O) GO TO 344 
IF(HDONE.EQ.I) GO TO 345 
HDONE = 1
















351 IF(LINE.GE.O) LINE = LINE + 1 
GO TO 330
C
C SET-UP LOGIC CHANGE AND PRINT IT
360 DO 381 N=1.LQTY 
PVALd,N) = •'
PVAL(2,N) =
LVALI = LVAL(N) + 1
GO TO (361 ,363,367.371),LVALI
361 IF(CVAL'N) ,EQ,0) GO TO 362
PVALd.N) = ■! .
GO TO 380
2 0 1
J62 PVALd.N) = !
GO TO 380
363 IF(CVAL(N))364,365,366
364 PVALd.N) = '
GO TO 380
365 PVALd.N) = i
GO TO 330
366 PVALd.N) = !_'




PVAL(2.N) = •' !
GO TO 380
369 PVAL(2,N) = ' !
GO TO 380
370 PVAL(2.N) = •' !
GO TO 380
371 IF(CVAL(N).EQ.O) GO TO 372
PVAL(2.N) = ■'
GO TO 380
372 PVAL(2,N) = " !"




IF(LINE.GE.O) GO TO 394 
IFiHHONE.EQ.1 ) GO TO 395 
HDONE = 1




392 WRITE(3,7 ) (RPTLST(N).N=HEAD,PNUM) 
URITE(3.17)(HEAH1(N),HEAH2(N).N=1.LQTY)
GO TO 395
394 IF(LINE.LE.50) GO TO 395 
LINE = 0
WRITE(3.5) FILNAM 
RESTRT = 1 
GO TO 391
395 IF(RESTRT.EQ.I } GO TO 335 
MTIME = M0D(TTIME,5)
IF(MTIME.NE.O) GO TO 390
385 URITE(3,10)TTIME, ( (PVALd,J),1=1,2), J=1,LQTY)
GO TO 400
390 URITE(3.12)((PVAL(I,J).I=1,2).J=1,LQTY)
400 PTIME = TTIME
TTIME = TIME 
RESTRT = 0
IF(LINE.GE.O) LINE = LINE + I
202
IF(EOF.EQ.û) GO TO 205 
GO TO 505
C
C END-OF-FILE. CHECK FOR LAST PRINT-OUT REQUIRED,
C THEN UPDATE GROUP, ETC., S REWIND FILE.
500 EOF = 1
IF(HIT.NE.O) GO TO 300
505 GROUP = GROUP + 1
IF(FRHAT.LT.3) GO TO 510 
LQTY = LSTQTY - (GROUP * 10)
IF(LQTY.GT.IO) LQTY = 10 
GO TO 520
510 LQTY = LSTQTY - (GROUP * 6)
IF(LQTY.GT.6) LQTY = 6
520 IF(LQTY.LE.O) GO TO 900
HDONE = 0
PTIME = 0
RESTRT = 0 
LINE = 99 
REWIND 21 
GO TO 102
C
900 CLOSE(UNIT=21,DISPOSE= DELETE")
RETURN
END
